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ABSTRACT 
Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be an 
outstanding health issue for the global swine production sector.  The ability to accurately track 
the virus and characterize disease status between and within pig populations in today’s swine 
industry is of high importance for the sustainability of the business.  Towards that end, the 
collection of the necessary information to support PRRSV control and elimination programs is 
dependent upon continuous and reliable monitoring and surveillance systems (MOSS) that need 
to be both particularly practical and affordable.  The issue addressed in this dissertation is the 
improvement of current PRRSV MOSS employed in breeding herds, through the development of 
a new sampling method called processing fluids and the assessment and optimization of its 
applicability for PRRSV RNA and antibody detection in breeding herds.  The rational series of 
studies described below will address the issue pointed above. 
 
Chapter Two introduced the processing fluids method as a new tool for PRRSV 
monitoring in breeding herds.  This field study served as a proof of concept for this new 
sampling technique.  Matching sets of processing fluids and serum samples obtained under field 
conditions from breeding herds, proved that PRRSV can be detected in processing fluids by 
reverse transcription quantitative polymerase chain reaction (RT-qPCR) at a higher frequency 
than the standard method of bleeding 30 pigs and testing the serum in pools of five (83.3% vs 
66.6%).  Moreover, IgG antibody detection was assessed and confirmed, and ORF5 sequencing 
was also achievable. 
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In Chapter Three, the probability of PRRSV RNA detection in processing fluid samples 
as a function of the within-litter prevalence of the virus was evaluated and compared with that of 
serum samples obtained from randomly selected piglets (1, 2, 3 or 4 per litter).  Results suggest 
that when within-litter prevalence is ≥ 50% the probability of PRRSV RNA detection in 
processing fluids would be higher than that of randomly selected individual piglets (i.e., ≥ 99%).  
Additional comparisons between the processing fluids sampling approach and the standard 
PRRSV monitoring scheme using 30 serum samples were made through computer simulation 
(bootstrapping), giving as result an overall probability of PRRSV detection of 100% when using 
processing fluids vs 92.1% using 30 serum samples.  Chapter Three also looked at processing 
fluids pooling potential, demonstrating that PRRSV detection was 100% achievable in 
processing fluids within a low prevalence scenario.  The test of a massive pool with only 8% 
PRRSV-positive pigs (i.e., only 67 viremic pigs out of 834 total pigs in the pool) yielded a strong 
positive RT-qPCR quantification cycle (Cq) response (Cq = 22.0).   
 
The two main objectives of the study described in Chapter Four were, 1) to evaluate the 
effect of pre-testing conditions of processing fluid samples on RT-qPCR testing results, such as 
temperatures and time length for sample storage and protocols for nucleic acid extraction and, 2) 
the adaptation of a commercial PRRSV serum antibody assay (ELISA) for the detection of three 
different anti-PRRSV antibody (Ab) isotypes (IgM, IgA and IgG) in processing fluids and to 
establish the test sample-to-positive ratio (S/P) cut-off, i.e., the point that best discriminated 
positive and negative samples.  The two studies within this chapter revealed that, 1) PRRS virus 
in processing fluid samples would be stable under refrigeration for periods of time of up to 14 
days.  Also, prolonged exposure to room and higher temperatures would have, correspondingly, 
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a mild and strong detrimental effect on the viral RNA within processing fluid samples, therefore, 
affecting RT-qPCR testing results.  Results also suggested no effect in testing results between the 
four different commercial RNA purification kits.  2) The results obtained for PRRSV IgG Ab 
isotype showed perfect discrimination between positive and negative processing fluid samples 
using a cut-off value of 0.5.  Results with the PRRS IgA and IgM ELISA for processing fluids 
showed low to poor discrimination and therefore would need additional research and 
optimization.   
 
Chapter Five models the effect of pooling processing fluid samples on the probability of 
PRRSV RNA detection under a low prevalence scenario and establishes the limit for pooling 
processing fluids where the probability of PRRSV detection would not fall under 95% threshold.  
PRRSV RNA detection in pooled processing fluid samples of multiple litters (e.g., 29 to 65), is 
feasible when at least one pig within a given litter in the pool is positive for PRRSV with a RT-
qPCR Cq value  29.  Thus, demonstrating that, detection limits for pooling processing fluid 
samples might be dependent on the magnitude of viremia of the pig(s) within the sample.  These 
findings could be useful for designing accurate and reliable processing fluid-based sampling 
protocols. 
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CHAPTER 1.    GENERAL INTRODUCTION 
About This Dissertation 
This dissertation is structured in six chapters.  Chapter One introduces the reader to the 
general objective of the thesis by giving preliminary background information about the problem.  
Then, the gap in knowledge is identified and the matter is addressed through the proposal of a 
possible solution, thus, putting this work in context for a fruitful reading of the following 
research chapters (Chapters Two to Five).  Chapter Six briefly recalls the problem addressed, 
provides a general discussion about findings in this dissertation, and focus attention on its input 
towards filing in the gap in knowledge established in chapter One. 
 
Preliminary Background 
Porcine reproductive respiratory syndrome (PRRS) is a swine-specific disease that was 
first described in 1987 in North America, and in 1990 in Europe (Zimmerman et al., 2019).  It 
affects pigs of all ages in most swine-producing countries since the late 80’s and it has been 
causing significant economic loses since then.  Currently, PRRS virus (PRRSV) remains the 
single pathogen that most impacts economics of US pig production (Holtkamp et al., 2013), 
costing $560.3 million per year in productivity losses (Holtkamp et al., 2019). 
 
PRRSV is classified in the family Arteriviridae, genus Arterivirus, order Nidovirales.  It 
can also be classified in two prototype genomes, PRRSV-1 and PRRSV-2, Lelystad and VR-
2332 strains respectively.  Today, both species share worldwide distribution, with PRRSV‐1 
being predominant in Europe and PRRSV‐2 predominant in the Americas and Asia (Zimmerman 
et al., 2019).  Both genotypes only share about 56% of the genetic material.  Research work in 
2 
young pigs’ infection model indicate that PRRSV-2 isolates are significantly more virulent than 
PRRSV-1 isolates (Martínez-Lobo et al., 2001). 
 
PRRSV is a small single stranded positive sense enveloped RNA virus (50-65 nm 
diameter) with ~15.000 nucleotide base pairs.  The virus is pleomorphic with a spherical or oval 
form.  Its nucleus is hollow with an helicoidal nucleocapsid.  Enveloped virus tends to be more 
susceptible to degradation in the environment.  RNA viruses have a higher mutation rate due to 
their lack of correction during replication.  This feature makes it a “moving target” for vaccine 
development.  Recent reviews of PRRSV vaccinology and molecular epidemiology highlighted 
the lack of commercially available immunologic solutions to (a) prevent PRRSV infection, or to 
(b) build predictable, robust heterologous protective immunity (Loving et al., 2015; Lyoo, 2015; 
Perez et al., 2015; Renukaradhya et al., 2015). 
 
When outside the pig, PRRSV is fragile and susceptible to high temperature and low 
relative humidity, being quickly inactivated when it is subjected to room temperature (~22º C).  
As other viruses, the PRRSV half-life exponentially increases with decreasing temperatures.  
PRRSV can remain infectious for an extended time under specific conditions of temperature, 
moisture, and pH.  The virus is stable for years at freezing temperatures.  PRRSV is also stable at 
pH between 6.5 and 7.5 but gets inactivated at pH below 6 and above 7.5 (Benfield et al., 1992; 
Bloemraad et al., 1994). 
 
PRRSV infection causes clinical disease affecting both the reproductive and respiratory 
tracts.  This is true for the two genome prototypes.  Severity of clinical signs depends on a few 
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pig (host) factors, such as age (younger pigs being more susceptible to develop disease), genetic 
component, and level of anti-PRRS immunity; environmental conditions including co-infection 
with other pathogens; and virus isolate itself (some strains are markedly more virulent than 
others).  The most common clinical signs at the herd level include: sudden increase of off feed 
sows, spike in abortions (mainly in third trimester stage), increased irregular returns to estrus 
(lowering conception rate), increased death rates in sows, increased prenatal losses and weak 
newborns, decreased milk production, higher pre-weaning mortality, poorer growth performance, 
and temporary boar infertility (de Jong et al., 1991; Keffaber, 1989). 
 
At the time PRRS emerged, clinical signs of the disease were extraordinarily severe, and 
initial efforts to identify the causal agent were unsuccessful, indicating that an infectious process 
was taking place and it was something new (Keffaber, 1989).  The diagnostic and subsequent 
monitoring was very dependent on having great practitioners and producers submitting cases to 
diagnostic laboratories.   
 
The rapid development of antigen and antibody testing after the discovery of PRRSV and 
its isolation, allowed researchers and practitioners to apply serologic information to understand 
the epidemiology of the virus and to design more effective control and elimination measures.  
Monitoring and surveillance in PRRSV-infected and low prevalence populations using serologic 
assays has been studied in the past, in some cases with the purpose of directly document the 
achievement of whole-herd exposure early in the course of PRRS virus control (Roberts, 2003) 
or to screen for PRRS virus infection in expected negative herds to document that the population 
remains free of the infection and to detect newly introduced infection while the prevalence was 
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still low (Dufresne et al., 2003).  These initial efforts were vital in terms of the first PRRSV 
monitoring and surveillance initiatives. 
 
There is an array of diagnostic assays to detect the PRRSV, as well as anti-PRRSV 
antibodies.  The reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) is a 
technique commonly used to detect viral RNA in clinical samples and has become more common 
both for the diagnosis of PRRS and to aid in herd monitoring (Dee et al., 2001).  The enzyme-
linked immunosorbent assay (ELISA) is a common test used to screen herds for exposure 
(Albina et al., 1992; Roberts, 2003).  The indirect fluorescent antibody test (IFA) and the 
immunoperoxidase monolayer assay (IPMA) are used as confirmatory tests for unexpected 
positives on ELISAs.  During the early years of the emergence of the mystery swine disease, 
diagnostic technology and its availability were very different from now.  When PRRSV 
appeared, the access to RT-qPCR or ELISA based testing for PRRSV was very limited.  
Monitoring and surveillance were, in most part, based on clinical signs and lesions associated 
with the virus.   
 
Other techniques are being more increasingly used in the field of molecular 
epidemiology.  One example is the genome sequencing of the open reading frame 5 (ORF5) of 
PRRSV, which is useful to assess and determine patterns of virus transmission between herds, to 
track down the spread of the virus across regions, and to understand the genetic variation that 
may occur over time with the virus within or between herds.  Whole-genome sequencing (WGS) 
has been gaining critical importance in biological and medical research.  WGS is a method used 
more frequently in veterinary research, becoming a trend.  Identifying new viruses, categorize 
5 
predominant field virus strains, and gaining more understanding about the variations within and 
between PRRSV field isolates are some of the potential applications of the method.  The use of 
next-generation sequencing applied to high‐throughput WGS of PRRSV from cell culture 
materials and clinical specimens using has been described (Zhang et al., 2017).  Thus, WGS 
represents a significant improvement in molecular epidemiology investigations.  However, active 
monitoring and surveillance was not a very common practice for PRRSV in the ’90s. 
 
PRRSV Monitoring and Surveillance 
A critical step to achieve control and elimination of PRRSV infection in swine 
production systems is to interrupt the transmission cycle in breeding herds, with the goal of 
producing PRRSV-free piglets at weaning (Corzo et al., 2010).  After a PRRSV outbreak has 
occurred, commonly, producers and veterinarians attempt to control the disease to minimize 
negative impact on the productivity of swine operations.  Thus, control and elimination efforts 
require continuous and reliable virus monitoring and surveillance systems (MOSS). 
 
Often, ‘monitoring’ and ‘surveillance’ are two terms used interchangeably.  M. D. 
Salman explains the difference between the two terms as follows: “Animal disease surveillance 
is watching an animal population closely to determine if a specific disease or a group of diseases 
makes an incursion so that a prior plan of action can be implemented.  Monitoring of animal 
diseases focuses on identifying a disease or a group of diseases to ascertain changes in 
prevalence and determine the rate and direction of disease spread.  Therefore, monitoring, by 
definition, lacks action to prevent or control a health problem” (Salman, 2003).  In the case of 
PRRSV, the term ‘surveillance’ seems adequate since veterinarians and producers often 
implement PRRSV control and elimination programs, once the virus is detected.  Regardless of 
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the use of both terms, monitoring and surveillance for PRRSV should have a common objective, 
to closely watch a pig population to detect virus infection.  For the rest of this Dissertation, both 
terms, ‘monitoring’ and ‘surveillance,’ will be used.  However, in most cases for the swine 
industry, the surveillance definition would be more relevant when its application aims at PRRSV 
detection.  A great example of a PRRSV monitoring and surveillance system is the ‘Morrison’s 
swine health monitoring project’ (MSHMP) (MSHMP, 2020).  In regard to PRRSV, the goal of 
the Swine Health Monitoring Project is to monitor the disease statuses of a population of US sow 
farms enrolled voluntarily in the program.  This source of information has the potential to trigger 
action plans at farm, production system and regional levels within the US, for maintaining 
PRRSV-controlled and disease-free areas by helping to make better informed decisions 
regarding animal movements and implementation of PRRSV control and elimination programs at 
those same levels.  The MSHMP is currently funded by the USDA, the Pork Checkoff, and the 
Swine Health Information Center (SHIC).  It was created in 2011 with retrospective data since 
2009 and, since then, had been a significant improvement in organizing PRRSV monitoring 
information, offering a valuable and updated snapshot of PRRSV incidence and prevalence over 
time to the swine industry and academia.  Similarly, Trevisan et al., 2019, has recently reported 
the development of the Swine Disease Reporting System.  This initiative gathers diagnostic data 
from four major veterinary diagnostic laboratories from Iowa, Minnesota, Kansas, and South 
Dakota and reports patterns of PRRSV detection over time, geographical region, diagnostic 
specimen, pig age group, and swine farm type (other swine pathogens are also reported).   
 
Individual Pig-based Blood Sampling 
Industry current standard protocol for monitoring PRRSV in breeding herds consists of 
collecting individual pig serum samples from 30 weaning age animals on a monthly basis.  
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Samples are then pooled by fives and tested for PRRSV RNA detection to assess the breeding 
herd PRRSV shedding status (Holtkamp et al., 2011).  This monitoring approach relies on the 
95/10 approach, which consists in testing 30 serum samples detect at least 10% disease 
prevalence or higher (United States Department of Agriculture Animal and Plant Health 
Inspection Service [USDA APHIS], 2010).  Breeding herds then are defined as “stable” for 
PRRSV after four consecutive PRRSV RT-qPCR negative monthly tests in due-to-wean pigs 
(Holtkamp et al., 2011).  This monitoring plan assumes that: a) PRRSV dies out at a prevalence 
under 10% after a period of 90 days, and b) True PRRSV status of the breeding herd can be 
accurately inferred from testing weaning age pigs.  On the other hand, reports of breeding herds 
rebreaking with the same PRRSV field isolate, after being declared as “stable,” can be found in 
the work of Linhares in 2013.  Moreover, near-zero PRRSV prevalence levels have been 
documented in endemically infected breeding herds (Graham et al., 2013; Kittawornrat et al., 
2014; Redalen et al., 2009).  These findings are proof that the main assumption upon which the 
current monitoring plan is based is not sufficiently robust to provide reliable results. 
 
The current monitoring scheme could be improved upon by testing larger numbers of 
individual pigs, at a higher testing frequency.  However, bleeding piglets is time consuming and 
requires qualified personnel to take samples.  Additional disadvantages of this sampling 
approach include the additional stress to pigs with the potential risk of loses during the procedure 
(due to its invasive nature) and the limited potential for pooling large number of samples.  These 
practical, operative and economic constraints render this option unsuitable and distressing for 
most of the modern commercial production systems.  Categorically, there is the need to 
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continuously improve methods to assess within herd virus transmission, and to correctly define 
the PRRSV shedding status of suckling pigs and weaned pigs.   
 
Aggregate Sampling 
In recent years, researchers started to focus their efforts on addressing the problem of 
PRRSV detection in low prevalence scenarios, as a way to overcome the limitations of current 
monitoring and surveillance approaches.  Reports on the utilization of aggregated samples like 
oral fluids, for the detection of PRRSV infections in swine (Prickett et al., 2008) and the 
posterior work exploring the use of oral fluids as a surveillance tool for PRRSV (Kittawornrat et 
al., 2010) highlighted the value and importance of population-based sampling strategies in 
veterinary practice and for the swine industry.  More recently, this seminal work has been 
expanded, and the body of knowledge in this subject continues to grow.  More specifically, 
researchers went on to explore the potential applications of pre-weaning oral fluids for 
monitoring due-to-wean pigs for PRRSV in contemporary swine herds surveillance programs 
(kittawornrat et al., 2014) and the optimization of these methods (Almeida et al., 2018; Almeida 
et al., 2020), but additional research is still needed.   
 
Based on the lack of more sensitive, practical, and reliable PRRSV surveillance 
approaches, there is the need for alternatives to assist producers and veterinarians in establishing 
the actual PRRSV status of target populations.  Therefore, the general objective of this 
dissertation was to improve and expand the capabilities of monitoring and surveillance systems 
(MOSS) for PRRSV in breeding herds through two specific objectives: 1) The development of a 
new sampling method called processing fluids, which would allow for testing larger number of 
pigs for PRRSV diagnostics in an affordable, practical and reliable way, thus increasing the 
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frequency of testing, and 2) The assessment and optimization of its applicability for PRRSV 
RNA and antibody detection in breeding herds under field conditions.  The first specific 
objective is addressed and achieved in chapter two, while the second specific objective is 
fulfilled in chapters three, four and five. 
 
Chapter Two, titled “Porcine respiratory and reproductive syndrome monitoring in 
breeding herds using processing fluids,” will introduce the processing fluids method as a new 
tool for PRRSV detection in breeding herds and its potential use in MOSS.  The proposed field 
study will serve as a proof of concept for this new sampling technique.  The chapter will evaluate 
the ability of the processing fluid method to detect PRRSV in samples tested by RT-qPCR.  This 
will be carried out in swine breeding herds under field conditions, and then compared with the 
current standard method adopted by the swine industry for PRRSV- monitoring protocols.   
 
Chapter Three, titled “Practical aspects of PRRSV RNA detection in processing fluids 
collected in commercial swine farms,” will describe specific details related to PRRSV detection 
probabilities using processing fluids from commercial swine breeding herds and, it will look 
deeper into the relationships between RT-qPCR testing results of serum from individual pigs and 
processing fluids from individual litters, thus comparing the different probabilities of PRRSV 
detection across a range of disease prevalence encountered in the farms and within litters, during 
the execution of this field applied study.  Chapter Three will also introduce the concept of 
pooling processing fluids from different days of collection or different rooms within a farm’s 
farrowing section, with the purpose of understanding better the diagnostic capabilities of the 
specimen and to further advance the knowledge about PRRSV detection with this new method. 
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Chapter Four, titled “Considerations in the use of ‘processing fluids’ for PRRSV RNA 
and antibody detection,” will consist of two different studies aimed to expand the knowledge 
generated in chapters Two and Three, but focusing on processing fluid handling and preparation 
after collection and testing capabilities using serologic assays.  More specifically, the chapter’s 
first study will assess the effect of pre-testing conditions, such as temperatures and time length 
for sample storage and protocols for nucleic acid extraction, on RT-qPCR testing results of 
processing fluid samples inoculated with a PRRSV field isolate.  Within this chapter, the second 
study was incorporated to describe the use of serological tests (i.e, PRRSV ELISA) and its 
adaptation for processing fluid specimens for the detection of different anti-PRRSV antibody 
isotypes.   
 
Chapter Five, titled “Probability of PRRS virus detection in pooled processing fluid 
samples: Modeling the RNA dilution effect,” will study processing fluids’ ability to detect 
PRRSV in near-zero prevalence scenarios when pooling processing fluids samples collected 
from several days or several different rooms within in a farm.  The study will be conducted to 
determine the probability of PRRSV detection in pooled samples tested by RT-qPCR as a 
function of the number of PRRSV-negative pigs present in the aggregate specimen.  In this 
chapter, the ‘limit for pooling processing fluids’ is determined and introduced a as a new 
concept.  This value will drive the number of pigs to be pooled for obtaining processing fluids 
and producing PRRSV-positive RT-qPCR test results with a 95% confidence level, in the 
presence of only one PRRSV-positive litter within the sample, containing only one viremic pig.   
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Chapter Six gives an overall conclusion to this dissertation by highlighting the findings of 
the four research chapters and discussing how such new knowledge helps to strengthen PRRSV 
detection in breeding herds, therefore improving PRRSV monitoring and surveillance systems 
for the global swine industry.   
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Summary 
Processing fluids (PF), the serosanguinous fluid recovered from piglet tail docking and 
castration, were used for porcine reproductive and respiratory syndrome virus (PRRSV) infection 
assessment.  PF samples from four breed-to-wean herds were compared with standard sampling 
protocols, demonstrating PRRSV RNA detection in PF at greater frequency than standard 
schemes. 
 
Keywords: swine, porcine reproductive and respiratory syndrome virus, monitoring, 
surveillance, processing fluids 
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Introduction 
Swine producers face ongoing challenges related to the detection and management of 
infectious diseases.  In particular, porcine reproductive and respiratory syndrome (PRRS) is an 
economically significant problem, costing US producers more than 1 billion USD per year.1 A 
milestone in the control and elimination of PRRS virus (PRRSV) in production systems is the 
interruption of the transmission cycle in breeding herds and the production of PRRSV-free 
piglets at weaning.2 Tracking progress towards this goal can only be accomplished through 
routine diagnostic monitoring. 
 
The current industry standard for monitoring PRRSV in breeding herds consists of testing 
serum samples monthly from 30 randomly selected weaning-age piglets (pooled by five) for 
PRRSV RNA.  Breeding herds are defined as “stable” after four consecutive negative monthly 
tests.3 This monitoring plan assumes that PRRSV cannot remain in breeding herds at a 
prevalence < 10% over a period of 90 days, and that the true PRRSV status of the breeding herd 
can be accurately inferred by testing suckling pigs.  However, cases of breeding herds detecting 
PRRSV shortly after achieving stability have been reported.4 Likewise, near-zero PRRSV 
prevalence has been documented in endemically-infected breeding herds.4-7 
 
These observations are evidence that the assumptions upon which the current monitoring 
plan is based are not sufficiently robust so as to provide reliable results.  Thus, there is a clear 
need for improved PRRSV monitoring systems.  The current monitoring scheme could be 
improved upon by testing higher numbers of individual piglets at a higher testing frequency.  
However, collecting blood samples from piglets is time consuming, requires two trained persons, 
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and causes additional piglet stress.  These practical and economic constraints render this option 
unsatisfactory for most commercial production systems. 
 
Aggregate (population) samples, eg, oral fluids, are practical options for infectious 
disease monitoring of swine populations.  Oral-fluid testing was introduced into the swine 
industry in 2010 and has been widely implemented in monitoring and surveillance systems.5-11 
However, the collection of oral fluids from suckling piglets has not been proven to be practical.  
Alternatively, a largely unexplored option for PRRSV surveillance in the breeding herd and 
suckling piglet populations is the use of "processing fluids." An aggregate sample easily 
collected by farm staff, processing fluid samples are defined as the serosanguinous fluid 
recovered at the time of castration and tail docking, i.e., piglet processing.  The purpose of this 
pilot study was to describe the collection of processing fluids in commercial herds and evaluate 
their use in PRRSV monitoring. 
 
Materials and Methods 
This study was approved by the Iowa State University Institutional Animal Care and Use 
Committee ISU-IACUC. 
 
Study Design 
Twelve samplings were performed in four breed-to-wean herds at different time points 
within 27 weeks of their most recent clinical PRRS episode.  Each sampling consisted of one 
aggregate processing fluid sample, composed of the fluids from all piglets processed that day, 
and serum samples from 30 piglets conveniently selected from the same population of processed 
piglets, targeting the weak and fall behind animals and including males and females.  All 
18 
processing fluid samples, and serum samples were tested for PRRSV RNA (serum samples were 
tested in pools of five).  Selected processing fluid samples (n = 5) were submitted for PRRSV 
ORF-5 sequencing and for detection of PRRSV antibody.  Testing was performed at the Iowa 
State University Veterinary Diagnostic Laboratory (ISU VDL) using routine test methods.  Two 
farms (matching sets 1, 2, 4, 6, and 10) were vaccinating piglets with Fostera PRRS (Zoetis, 
Parsippany, New Jersey) immediately after processing. 
 
Sample Collection and Matching  
Processing fluids were collected by placing a disposable plastic bag in a clean plastic 
bucket and then covering the top of the bucket with disposable gauze, ie, cheesecloth.  A rubber 
band around the mouth of the bucket held the plastic bag and gauze firmly in place, but the gauze 
was placed with sufficient slack so as to create a concave cavity in which to hold the tissues 
(Figure 1).  At the end of piglet processing, the gauze and tissues were removed from the bucket, 
after which the processing fluids were transferred from the plastic bag to a sterile 50 ml conical 
centrifuge plastic tube.  The number of piglets that contributed to the processing fluid sample 
was recorded for each sampling. 
 
Blood samples were collected from a convenience sample of 30 piglets in the same room 
at the time processing fluids were obtained.  Blood was obtained using single-use serum 
separation tubes and needles and standard procedures for the restraint of piglets. 
 
Blood samples and processing fluids were refrigerated immediately after collection and 
submitted for testing within 24 hours.  Processing fluids were tested individually; serum samples 
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were tested in pools of five.  Thus, each “matched sampling set” consisted of one processing-
fluid sample and six pooled-serum samples. 
 
Diagnostic Testing  
Diagnostic testing was performed at the ISU VDL using assays routinely used for swine 
serum samples.  All processing fluids samples (n = 12) and pooled serum samples (n = 72) were 
tested for PRRSV RNA using the Applied Biosystems TaqMan kit for North American and 
European PRRS virus RNA detection (Thermo Fisher Scientific, Waltham, Massachusetts).  In 
addition, five matched sampling sets (5, 7, 8, 9, 10) were conveniently selected to be tested for 
PRRSV antibody testing using the IDEXX PRRS X3 Ab ELISA test (IDEXX Laboratories, 
Westbrook, Maine), and five matched sampling sets (2, 3, 4, 5, 7) were submitted for PRRS 
ORF-5 sequencing (Sanger method12). 
 
Results 
Processing fluids were obtained on all attempts (Table 1), yielding a median volume of 
49.0 mL (range 30.0 to 110.0 mL) of fluids.  The median number of piglets that contributed to 
processing fluids was 256 (ranging from 174 to 650) and the median volumes of processing fluid 
per litter and per pig were 2.24 mL (1.22 to 2.67) and 0.185 mL (0.097 to 0.276), respectively.  
The age of sampled piglets ranged from 3 to 5 days. 
 
As shown in Table 2, 83.33% of the processing-fluid samples (10 of 12) tested positive 
for PRRSV RNA by reverse transcription quantitative polymerase chain reaction (RT-qPCR) 
with quantification cycle (Cq) values ranging from 22 to 35.  Eleven of 72 (15.27%) pooled 
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serum samples tested positive.  Eight of 12 matching sets (66.66 %) had at least one positive 
pooled serum sample (of six pools of five samples) test positive for PRRSV RT-qPCR (Table 2).   
  
All processing fluids submitted for serology tested positive for PRRSV antibody (n = 5), 
with sample-to-positive ratios (S/P) of 1.50, 1.01, 2.50, 0.42, and 0.92, respectively.  Likewise, it 
was possible to sequence the PRRSV ORF-5 from processing fluids in all attempts (n = 5).  All 
five cases had a 100% nucleotide sequence homology when comparing processing fluids and 
blood samples from the same population.  In all cases, the ORF-5 sequence was identified as 
wild type PRRSV.   
 
Discussion 
This study described the process of collecting processing fluids from 3- to 5-day-old 
piglets and provided initial data on the use of processing fluids for PRRSV monitoring.  
Recovering processing fluids from testicles and tails of 3- to 5-day-old piglets was practical and 
convenient for farm staff under field conditions.  We emphasize the importance of the 
biosecurity measures that were used (disposable materials described in Figure 1) to avoid 
contamination of fluids with nucleic acid present in the farm environment.  
 
The current procedures for PRRSV ORF-5 sequencing and antibody detection in serum 
samples were compatible with processing fluids.  This was not unexpected but required 
verification.  Testing results indicated that the likelihood of PRRSV RNA detection in processing 
fluids was greater than the likelihood of detecting PRRSV RNA in 30 matched individual serum 
samples (tested in pools of five) from the same population.  Thirty serum samples were used as a 
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comparison because this sample size is commonly used to monitor PRRSV in North American 
breeding herds. 
 
Aggregate samples used in monitoring infectious agents include bulk-tank milk samples, 
environmental swabs, air samples, or oral fluid samples.5-11  Overall, this is a highly cost-
effective approach for improved monitoring but controlling costs.  For example, the monthly cost 
of testing 30 piglet serum samples pooled by five is approximately 150 USD.  Instead, the same 
150 USD could be spent on six processing fluids per month representing hundreds of piglets.  
Alternatively, a 2500-sow herd producing an average of 1550 weaned piglets per week could test 
every piglet born in a week (approximately 1650 liveborn) by PRRSV RT-qPCR at a cost of 
approximately 100 USD (four processing fluids samples per week).  The cost of testing the same 
number of pigs by PRRSV RT-qPCR in serum pooled by five would be approximately 8250 
USD (330 PCRs at 25 USD each) per week.   
 
It has been documented that PRRSV replicates in testicular epithelial cells and 
macrophages.13  Therefore, it makes biological plausibility that bodily fluids originated from 
castration and tail docking are suitable samples for PRRSV detection.  At the piglet processing 
age (3 to 5 days old), PRRSV infection may have taken place in gestation (transplacental 
infection) or shortly after farrowing.  Situations in which processing-fluid-based sampling can be 
used include monitoring breeding herds undergoing PRRSV elimination to determine whether 
there is virus circulation at the piglet processing-age group or to establish the optimum timing to 
intensify internal biosecurity practices (ie, no evidence of virus circulation in piglets being 
processed).  Likewise, processing fluids offer an efficient method for continuous surveillance in 
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breeding herds presumed to be PRRSV-negative.  Perhaps most importantly, regional and 
national PRRSV elimination programs will benefit from this practical, simple, and affordable 
approach.   
 
Regardless of the application, the design of monitoring and surveillance schemes will 
become more flexible and easily integrated with the daily routine due to the ease of 
implementation and lower costs associated with processing fluids.  Whatever sampling design is 
ultimately implemented, testing more pigs more frequently will result in improved herd-level 
sensitivity for the detection of PRRSV and other pathogens.  This may be a great tool for 
veterinarians to make informed interventions to decrease the time-to-detect PRRS outbreaks and 
increase the probability of detecting virus at near-zero prevalence.  More studies are needed to 
further evaluate the herd sensitivity of processing fluids for PRRSV and other pathogen 
monitoring systems.  This simple development promises to be a major breakthrough in disease 
monitoring and surveillance. 
 
Implications 
 Processing fluid is an aggregate sample easily obtained by farm staff under field 
conditions. 
 The use of processing fluids makes it possible to test more pigs, more frequently for 
PRRSV. 
 Processing fluids are a major improvement in disease surveillance systems and may 
increase the strength of PRRSV control and elimination programs. 
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Table 2-1. Volume of processing fluids retrieved from piglets at processing time (castration and 
tail docking) at each sampling point. 
Sampling 
set* 
Processing 
fluids retrieved 
volume (mL) 
Litters in 
sample 
Piglets in 
sample 
Average processing fluids 
volume† 
Per litter (mL) Per pig (L) 
1 30 21 262 1.43 115 
2 45 21 250 2.14 180 
3 48 18 174 2.67 276 
4 50 20 226 2.50 221 
5 55 25 265 2.20 208 
6 45 37 466 1.22 97 
7 80 35 438 2.29 183 
8 110 50 650 2.20 169 
9 90 37 481 2.43 187 
10 45 17 221 2.65 204 
11 32 17 177 1.88 181 
12 50 21 233 2.38 215 
TOTALS 680 319 3843 2.17 186 
 
* Each ‘Sampling set’ consists of one processing-fluid sample and 30 serum samples (tested in 
six pools of five) taken from the same piglet population, in the same day of piglet processing at 
each sampling point.  
† This table shows only the volume of processing fluid retrieved in each sampling set. 
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Table 2-2. Qualitative result of PRRSV RT-qPCR tests in processing fluids and matching serum samples and timeline of PRRS 
outbreak and whole-herd exposure. 
Sampling 
set 
Time between PRRS 
outbreak and 
sampling (weeks) 
Time from whole-
herd exposure to 
MLV or FVE 
(weeks) 
Result of PRRSV RT-qPCR 
Processing fluids Serum samples 
Cq value* Test result Cq value* Test result 
1 6.0 FVE: 1.0 31.7 Positive 23.0 Positive 
2 5.4 MLV: 5.4 28.4 Positive 20.1 Positive 
3 7.9 MLV: 6.9 30.1 Positive 27.0† Positive 
4 9.6 MLV: 9.6 25.6 Positive 23.7 Positive 
5 11.9 MLV: 10.9 22.7 Positive 27.6 Positive 
6 8.0 MLV: 2.0 29.2 Positive 25.0† Positive 
7 20.0 MLV: 9.0 34.1 Positive 40.0 Not detected 
8 21.1 MLV: 10.1 35.2 Positive 40.0 Not detected 
9 22.0 MLV: 11.0 26.4 Positive 27.9 Positive 
10 11.4 MLV: 5.4 30.2 Positive 31.1† Positive 
11 16 MLV: 15 40.0 Not detected 40.0 Not detected 
12 27.1 MLV: 26.1 40.0 Not detected 40.0 Not detected 
 
* Samples with Cq values < 37 are considered positive samples and those with Cq values > or = 37 are considered negative samples.  
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Table 2-2 continued 
Table 2-2. Qualitative result of PRRSV RT-qPCR tests in processing fluids and matching serum samples and timeline of PRRS 
outbreak and whole-herd exposure. 
 
† These Cq values represent the average Cq values of two positive pools of serum samples out of the six pools tested from the 
correspondent sampling set. 
PRRSV = Porcine reproductive respiratory syndrome virus; RT-qPCR = Reverse transcription quantitative polymerase chain reaction; 
PRRS = Porcine reproductive respiratory syndrome; MLV = attenuated PRRSV vaccine; FVE = live field virus exposure; Cq = 
Quantification cycle threshold from the RT-qPCR assay. 
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Figure 2-1. Steps for collecting processing fluids. Panel 1: Plastic bag in clean bucket. Panel 2: 
Cheese cloth placed over mouth of bucket to hold tissues and allow fluid to pass 
through to plastic bag. Panel 3: Tissues are removed after collection. Panel 4: 
Processing fluid recovered in plastic bag. Panel 5: Fluid decanted from plastic bag 
into tube. 
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Abstract 
Processing fluid samples are easily collected under field conditions and provide the 
means to test more piglets more frequently in a practical way, thereby improving PRRSV 
surveillance.  However, a deeper understanding of the diagnostic characteristics of this newly 
described sample type is still required.  Therefore, the objective of this field-based study was to 
determine the relationship between viremic piglets and the detection of PRRSV RNA in 
processing fluid samples.  In two PRRSV-positive breeding herds, processing fluids (n = 77) and 
individual piglet serum samples (n = 834) were collected from 77 litters in 3 sampling events and 
tested for PRRSV RNA.  Among the 77 litters in the study, 55 litters (71.4%) contained no 
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viremic piglets and processing fluids tested negative for PRRSV RNA.  Among the 22 (28.6%) 
litters with ≥ 1 viremic piglets, 10 litters contained a single viremic piglet and 5 of the 10 
processing fluids from this group tested positive for PRRSV RNA.  Based on a fitted mixed 
effects logistic regression model, the probability of detecting PRRSV RNA in processing fluids 
was highly dependent on the number of viremic piglets contributing to the sample.  When the 
within-litter prevalence was ≥ 39%, the probability of detecting PRRSV RNA in processing 
fluids was ≥ 95%.  By extension, the results demonstrtate that pooling processing fluids from 
several litters increases the probability of PRRSV RNA detection because of the greater 
likelihood of including multiple litters each with ≥ 1 viremic piglets.  In contemporary breeding 
herds that use processing fluid samples for PRRSV surveillance, the diagnostic costs associated 
with testing 100% of the processing-age piglet population can be estimated at €0.077 ($0.086 
USD) per pig weaned.  In contrast, to achieve an equivalent testing coverage with the use of 
individual piglet serum samples, the diagnostic costs associated would be €4.48 ($5.00 USD) per 
pig weaned.  Processing fluid represents a practical, reliable and efficient method to surveil 
breeding herds for PRRSV because it allows for continuous surveillance at a low cost. 
 
Keywords: Swine, PRRS virus, processing fluids, surveillance, monitoring. 
 
Introduction 
Efficient surveillance for porcine reproductive respiratory syndrome virus (PRRSV) is 
essential for measuring progress towards PRRSV control and elimination efforts.  Historically, 
serum-based surveillance has been the preferred approach for detecting PRRSV in populations 
and sampling schemes based on this approach are widely available (Holtkamp et al., 2011; 
Linhares et al., 2014).  For example, the approach recommended by the American Association of 
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Swine Veterinarians for PRRSV surveillance in breeding herds consists of collecting serum 
samples from 30 suckling pigs and then pooling by fives for testing by PRRSV reverse 
transcription quantitative polymerase chain reaction (RT-qPCR).  This approach offers a 95% 
probability of detecting ≥ 1 viremic piglet when PRRSV prevalence is ≥ 10% (Holtkamp et al., 
2011).  However, PRRSV can persist in breeding herds at a prevalence approaching zero; in 
which situation, a sampling of 30 pigs offers a low probability of detection (Kittawornratt et al., 
2014).  For example, the probability of detecting PRRSV RNA in a sample of 30 piglets when 
prevalence is 1% would be 26%, i.e., a false negative is the most likely outcome.  Compelling 
evidence, i.e., rebreaks with genetically homologous PRRSV, supports the idea that PRRSV 
control and/or elimination programs may fail because the classic serum-based surveillance 
approach incorrectly leads to the conclusion that the population is stable or the virus has been 
eliminated (Linhares, 2013; Ramírez et al., 2019).   
 
More sensitive, yet practical, surveillance approaches are needed to assist producers and 
veterinarians in establishing the true PRRSV status of target populations.  The use of processing 
fluids for PRRSV surveillance in suckling pigs was described in 2018 (Lopez et al., 2018; Vilalta 
et al., 2018) and has been increasingly adopted in the US swine industry for breeding herd 
monitoring applications (Trevisan et al., 2019a; Trevisan et al., 2019b).  Reportedly, processing 
fluids-based sampling provides sensitive and practical surveillance of the neonatal population at 
a lower cost and with less effort than required for bleeding individual piglets (Lopez et al., 
2018).  As a technique recently introduced to the industry, there is a need to further understand 
the "boundaries" of this approach and define the level of confidence that can be placed in 
PRRSV RNA detection using processing fluids-based surveillance.  Toward that end, the 
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objective of this field-based study was to estimate the probability of detecting PRRSV RNA in 
processing fluids in commercial swine herds using processing fluid samples tested by RT-qPCR.   
 
Materials and Methods 
Individual piglet serum (n = 834) and litter processing fluid samples (n = 77) were 
collected from suckling piglets at the time of processing (3 - 5 days of age) in two PRRSV-
positive breed-to-wean commercial swine herds and then tested for PRRSV RNA.  Test result 
data were analyzed using a logistic regression model with the objective of estimatingthe 
probability of detecting PRRSV RNA in processing fluids as a function of within-litter 
prevalence.  The Iowa State University Office for Responsible Research approved the 
experimental design and sampling protocols used in the study.   
 
Study Populations           
The study was conducted in two breed-to-wean herds located in the Midwest US.  Both 
farms were managed in a continuous weekly farrowing cycle, with pigs weaned at 18 to 23 days 
of age.  At the time of the study, neither farm used PRRSV vaccine(s) in either sows or piglets.  
However, Farm 1 (1,750 sows) had instituted a PRRSV control and elimination program (‘load-
close-expose’) and all sows had been inoculated with viremic serum four weeks before the 
initiation of the study.  Farm 2 (6,000 sow farm) was considered "PRRSV stable", with no 
clinical signs and no PRRSV-positive diagnostic tests for the previous 3 months.   
 
To include the possibility of sampling over a range of PRRSV prevalence, 77 sets of litter 
samples (litter processing fluid samples and individual piglet serum) were collected in three 
sampling events.   
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 Sampling 1:  On Farm 1, a total of 21 litter samples were collected from two rooms (A, 
B) four weeks after live virus inoculation under the assumption that PRRSV prevalence 
would be high. 
 Sampling 2:  On Farm 1, a total of 26 litter samples were collected from two rooms (C, 
D) ten weeks after live virus inoculation under the assumption that PRRSV prevalence 
would have declined over the previous 6 weeks. 
 Sampling 3:  On Farm 2, a total of 30 litter samples were collected from two rooms (E, 
F).  No clinical signs had been observed in Farm 2 and PRRSV RT-PCR monitoring of 
weaned piglets had produced negative results.  The assumption was that PRRSV 
infection, if present, would be low.   
 
Sample Collection           
Individual piglet blood samples were collected using a single-use sterile system (Becton, 
Dickinson and Company.  Franklin Lakes, NJ USA) and standard blood collection technique 
(Ramirez and Karriker, 2019).  Processing fluids were collected from individual litters as 
previously described (Lopez et al., 2018), except that litter samples were placed on ice and 
brought to the laboratory for processing in order to avoid cross-contamination.  Serum and 
processing fluid samples were centrifuged at 3,000 x g for 8 min and then the supernatant was 
transferred into sterile polypropylene tubes for storage at -80ºC.   
 
PRRSV RT-qPCR           
Individual litter processing fluids (n = 77), individual piglet serum samples (n = 834), and 
pooled processing fluid samples (n = 10) were tested by PRRSV RT-qPCR.  Pooled processing 
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fluid samples were aggregated by sampling event, i.e., 1, 2, 3 (n = 3), by room within sampling 
events, i.e., A, B, C, D, E, F (n = 6), and one aggregate consisting of all processing fluid 
samples.   
 
Nucleic acid was extracted from processing fluid and serum samples using the same 
commercial kit (RealPCR* DNA/RNA Magnetic Bead Kit, IDEXX Laboratories, Inc., One 
IDEXX Drive Westbrook, ME USA) and automated instrumentation (Kingfisher Flex System 
magnetic beads processor, Thermo-Fisher Scientific, Waltham, MA, USA).  In brief, sample 
(200 µL) and lysis solution (200 µL) were incubated for 15 min followed by 5 min incubation 
with the bead solution (600 µL binding buffer + 20 µL magnetic beads).  Magnetic beads were 
collected and then washed with solutions I, II, and 80% ethanol (600 µL for 3 minutes each) 
followed by 10 min drying time after the final wash.  Thereafter, nucleic acids were eluted from 
the magnetic beads (100 µL elution buffer for 5 min).  All the above-mentioned procedures were 
executed at room temperature.  PRRSV RT-qPCR was performed using a commercial kit 
(RealPCR* PRRS Type 1 and Type 2 Multiplex RNA Mix and Master Mixes, IDEXX 
Laboratories, Inc.).  Plates containing purified RNA, Multiplex RNA mix and master mixes were 
loaded onto a thermal cycler (7500 Fast Real-Time PCR System, Applied Biosystems©, Foster 
City, CA, USA) and the following cycling conditions with standard ramp rate were used: one 
cycle at 50°C for 15 min, one cycle at 95°C for 1 min, and 45 cycles of 95°C for 15 seconds and 
60°C for 30 seconds.  Amplification data was analyzed using the ‘auto baseline’ and ‘auto Ct’ 
functions.  Samples with Cq values < 37 were considered PRRS-positive.   
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Assay controls included in each run consisted of one negative extraction control and 
positive and negative amplification controls.  In addition, an internal sample control (ISC), i.e., 
endogenous, host specific genetic material, is used to monitor sample quality, extraction, and 
amplification.  That is, ISC primers and probes target host DNA or RNA within the sample, 
producing an amplification curve that validates the reaction. 
 
Data Analysis          
The probability of detecting PRRSV in a population using individual pig serum was 
estimated for each sampling (1, 2, and 3) using a conventional sampling approach, i.e., 30 serum 
samples from randomly selected piglets in the population, i.e., 212, 289, and 333 piglets, 
respectively.  Using computer simulation (RStudio Team, 2018), 30 serum samples were 
randomly selected without replacement (hypergeometric distribution) from the testing data 
produced by each sampling event.  Each run resulted in PRRSV RNA detection, i.e., ≥ one 
positive sample or not.  The procedure was repeated for 10,000 iterations to estimate the 
probability of detection in each sampling group.   
 
The probability of detecting PRRSV using serum vs processing fluids was compared 
within sampling group (i.e. litter prevalence).  Based on classical probability theory, the 
probability of drawing ≥ 1 positive piglets from a positive litter is described in Equation 1 as, 
 
1  
( no. neg ) 
= 1  
( no. total (1 - p) ) 
(Equation 1) 
sample size sample size 
( no. total ) ( no. total    ) 
sample size sample size 
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where no. total is the total number of piglets in the litter, sample size is the number of randomly 
selected piglets, no. neg is the number of non-viremic piglets, and p is the within-litter 
prevalence.  Based on the data from this study, the no. total, i.e., litter size, is 11 piglets. 
Statistical software (RStudio Team, 2018) was used to calculate the probability of 
detecting PRRSV RNA in processing fluids as a function of within-letter prevalence, i.e., the 
proportion of viremic piglets in a litter, using a mixed effects logistic regression model.  This 
was done using data from all sampling groups. 
 
logit(pi) = log ( 
pi 
) = 0 + 1  Within-litter prevalencei + i (Equation 2) 1 - pi 
    
 
In Equation 2, pi is the probability of a positive processing fluid result for litter i (i = 1, 2, 
…, 77), 0 and 1 are unknown model parameters to be estimated from the data, where 0 would 
represent the log odds of obtaining a processing fluid positive result for PRRSV if the within 
litter prevalence is 0 and 1 represents the increase in log odds of obtaining a processing fluid 
positive result for PRRSV per unit increase in within litter prevalence.  That is, each one percent 
increase in within litter prevalence is associated with e1/100 times the odds of a positive 
processing fluid response.  Finally, i represents the random effect within sampling group (1, 2, 
3), which was assumed to follow a normal distribution centered at mean 0. 
Results 
A summary of piglet serum (n = 834) PRRSV RT-qPCR testing results is given in Table 
1.  Among serum samples collected from piglets at processing (3- 4 days of age), 67 piglets from 
22 litters were viremic (8.0%).  The rate of positivity varied among samplings, with the highest 
proportion of PRRSV-positive piglets and litters in Sampling 1 and with no positive piglets or 
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litters detected in Sampling 3.  In addition, Table 1 reports the probability of detecting PRRSV in 
a population using 30 individual pig serum samples based on the R software simulations 
previously described.   
 
A summary of results at the litter level are given in Table 2.  Among the 77 litters in the 
study, 55 litters (71.4%) contained no viremic piglets and processing fluids tested negative for 
PRRSV RNA.  Among the 22 (28.6%) litters with ≥ 1 viremic piglets, 10 litters contained a 
single viremic piglet and 5 of the 10 processing fluids from this group tested positive for PRRSV 
RNA.  Among the 12 litters with > 1 viremic piglet, 11 of 12 processing fluids tested RT-qPCR 
positive.  Figure 1 shows the distribution of Cq values for individual viremic piglets based on the 
litter processing fluids PRRSV RT-qPCR results.  The overall mean Cqs for individual piglets 
from PRRSV-negative and PRRSV-positive litters by processing fluids status was 30.0 and 24.8, 
respectively.   
 
The probability of detecting PRRSV RNA in one processing fluid sample versus serum 
samples from randomly selected piglets (1, 2, 3 or 4 per litter) is given in Figure 2 as a function 
of within-litter PRRSV prevalence.  Based on a fitted mixed effects logistic regression model, 
the probability of detecting PRRSV RNA in processing fluids was ≥ 95% (≥ 99%) when the 
within-litter prevalence was ≥ 39% (≥ 50%).   
 
Table 3 reports the detailed composition and PRRSV RT-qPCR results of pooling 
processing fluid samples by sampling event (1, 2, 3), room (A through F), and overall (77 litters).  
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In each case, testing of samples pooled by room produced the same result as the corresponding 
sampling event pool. 
 
Discussion 
On-going surveillance is required to track progress toward PRRSV control and 
elimination efforts, and to detect virus introduction to swine populations.  In breeding herds, 
conventional surveillance approaches are challenged by PRRSV prevalence levels approaching 
zero in suckling and weaned pigs (Graham et al., 2013; Kittawornrat et al., 2014; Redalen et al., 
2009).  Under these circumstances, effective routine surveillance based on individual pig 
sampling is impractical because of the time and cost of bleeding and testing the number of pigs 
required for detection in low prevalence situations.  It follows that PRRSV surveillance protocols 
based on bleeding a subsample of piglets may fail to detect PRRSV infection and lead to faulty 
decision-making (Linhares, 2013; Ramírez et al., 2019). 
 
Despite the fact that operational decisions require accurate information, surveillance is 
often neglected in commercial herds.  Processing fluids provide the means to perform routine 
surveillance at low cost.  That is, samples are easily collected and prepared for testing by farm 
staff; sample aggregation results in wholesale coverage of the piglet population with a high 
probability of virus detection.  First reported in 2017 (Lopez et al., 2017), the use of processing 
fluid samples has been rapidly adopted by the swine producers and veterinarians (Trevisan et al., 
2019b).  In 2017, the Swine Disease Reporting System (SDRS) reported 211 processing fluid 
submissions to 4 US veterinary diagnostic laboratories, then 7,100 processing fluid submissions 
in 2018, and 11,608 in 2019 (Trevisan et al., 2019b).  Processing fluids may be a viable 
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alternative to serum sampling in breeding herds, but there is a need to better understand the 
diagnostic characteristics of this approach.   
 
In this study, RT-qPCR testing of serum samples from all processing-age piglets 
provided complete data on the true PRRSV infection status of each member of the sampled 
population and provided for accurate analysis of the effect of within-litter PRRSV prevalence on 
the probability of PRRSV RNA detection in processing fluid samples.  Corroborating previous 
reports (Almeida et al., 2018; Cano et al., 2007; Vilalta et al., 2018), most PRRSV-positive litters 
(10 of 22 positive litters, Table 2) contained a single viremic piglet.  Unexpectedly, pooling 
processing fluids from several litters was more likely to result in detection than testing individual 
litter samples, i.e., all processing fluid samples from positive herds aggregated at the sampling 
level or room level were positive for PRRSV RNA (Table 3).  Thus, consistent with the 
observation that inclusion of ≥ 2 viremic piglets in a sample increased the probability of PRRSV 
detection, the data support the practice of aggregating processing fluids from several litters for 
the purpose of increasing the probability of detecting PRRSV-viremic piglets.   
 
The cost of surveillance includes both sample collection (labor) and testing costs.  The 
labor costs of processing fluid-based surveillance consist of the time (a few minutes) required to 
prepare the sample(s) for submission - a negligible cost.  The diagnostic costs associated with 
testing 100% of the processing-age piglet population in a 5000-sow PRRSV-stable commercial 
breeding herd farrowing ~235 sows weekly can be estimated at €0.077 ($0.086 USD) per pig 
weaned ($13.000 USD annually), assuming:  1) 3,170 piglets are processed each week; 2) 10 
processing fluids produced per week by aggregating 23 - 25 litters; 3) PRRSV RT-qPCR tests 
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cost of €22.3 ($25.00 USD); and 4) pre-weaning mortality of 9.0%.  In contrast, to achieve the 
same sampling coverage of the piglet population (100%) using an individual serum sampling 
approach, the estimated costs associated with testing would be €4.48 ($5.00 USD) per pig 
weaned ($750.000 USD annually).  The cost of acquiring the data needed to move toward 
PRRSV control and elimination (€0.077 or $0.086 USD per pig) may be also compared with the 
estimated cost of living in perpetuity with PRRSV, i.e., €5.62 - 13.71 ($6.25 - 15.25 USD) 
(Holck and Polson 2003); €4.13 ($4.60 USD) (Holtkamp et al., 2013); €5.00 - 36.00 ($5.56 - 
40.06 USD) (Nathues et al., 2017) per pig produced from endemically-infected herds. 
 
Conclusions 
Porcine reproductive and respiratory syndrome continues to impose major costs on the 
global swine industry (Holtkamp et al., 2013).  Previous studies have shown that processing 
fluids are a valuable, practical and cost-efficient sample for monitoring PRRSV in breeding 
herds (Lopez et al., 2018; Vilalta et al., 2018; Trevisan et al., 2019a).  This study is the first to 
report the probability of PRRSV RNA detection in processing fluids as a function of within-litter 
prevalence.  The study was performed under standard field conditions, i.e., routine management 
programs were maintained as usual, but the design enabled exact comparisons between piglet 
serum (n = 834) and processing fluid (n = 77) testing results at the litter level.  Due to the ease of 
implementation of processing fluid sampling method (Lopez et al., 2018) its herd-level 
sensitivity and its strong potential for pooling massive quantities of piglets, processing fluid 
represents a practical, reliable and efficient method to surveil breeding herds for PRRSV. 
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Table 3-1. Piglet data: Summary of PRRSV RT-qPCR testing of piglet sera collected at processing. 
Sampling 
event 
Piglets 
positive/total 
Litters 
positive/total 
Mean positive 
pigs/positive litter 
Probability of detection - 
30 randomly selected 
piglet serum samples* 
1 43/212 (20.3%) 15/21 (71.4%) 2.9 99.9% 
2 24/289 ..(8.3%) 7/26 (26.9%) 3.4 93.5% 
3 0/333 …NA 0/30 …NA 0 NA 
Total 67/834 ..(8.0%) 22/77 (28.6%) 3.1 92.1% 
 
 
* Probability of detecting ≥ 1 viremic piglet estimated by computer simulation (RStudio Team, 2018) using the data 
derived from each sampling event.  Simulations were based on random selection of 30 serum samples without 
replacement (hypergeometric distribution).  NA stands for "not applicable". 
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Table 3-2. Litter data: Summary of PRRSV RT-qPCR testing of piglet sera and 
processing fluids 
 
 
*As described in materials and methods, pi = (1 + e
(0 + 1  Within-litter prevalence))-1 
 
 
 
 
 
 
 
 
 
 
Viremic 
piglets 
w/n litter 
Litter 
count 
PRRSV RT-qPCR Cq mean Probability of a 
positive 
processing fluid 
sample (pi)* 
Viremic piglets 
w/n litters 
Processing 
fluids (pos of 
total tested)  
0 55 > 37.0 > 37.0 0.0% 
1 10 29.1 30.9 (5 of 10) 15.3% 
2 1 27.1 28.5 (1 of 1) 42.8% 
3 4 27.0 27.2 (3 of 4) 75.5% 
4 2 22.2 26.8 (2 of 2) 92.7% 
5 2 28.5 27.7 (2 of 2) 98.1% 
6 1 17.1 25.2 (1 of 1) 99.5% 
9 1 25.9 17.1 (1 of 1) 99.9% 
10 1 23.6 23.0 (1 of 1) 100.0% 
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Table 3-3. Effect of pooling processing fluids on PRRSV detection in processing fluid:  
individual litter samples vs pooled samples 
Processing fluid 
Pools 
Pooled Processing fluid 
composition Pooled RT-
qPCR Cq 
values 
PRRSV RT-qPCR 
qualitative test 
result Litters in pool  
(positive/total) 
Piglets in pool 
(positive/total) 
Sampling 1 9/21 43/212 29.3 Positive 
Room A  1/4 7/39 28.9 Positive 
Room B  8/17 36/173 29.0 Positive 
Sampling 2 7/26 24/289 21.6 Positive 
Room C  4/7 14/67 20.7 Positive 
Room D  3/19 10/222 24.5 Positive 
Sampling 3 0/30 0/333 > 37.0 Negative 
Room E  0/23 0/256 > 37.0 Negative 
Room F  0/7 0/77 > 37.0 Negative 
Pool of all litters 16/77 67/834 22.0 Positive 
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Figure 3-1. Box plots showing median, 10th, 25th, 75th and 90th percentiles of individual 
piglet PRRSV RT-qPCR Cqs in the context of the number of viremic piglets in 
the litter and processing fluid PRRSV RT-qPCR status. 
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Figure 3-2. Probability of PRRSV RNA detection in PF and serum sample(s) from randomly 
selected piglet(s) as a function of within-litter PRRSV prevalence. 
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Abstract 
Background:  Porcine reproductive and respiratory syndrome virus (PRRSV) 
surveillance plays a critical role in the implementation of control or elimination efforts.  The use 
of processing fluids for the detection of PRRSV RNA has been rapidly adopted for this purpose 
by large segments of the industry because it is practical, relatively inexpensive, and effective.  
The objective of this study was to explore practical aspects of processing fluid diagnostics.  The 
specific aims were to assess the impact of storage conditions and RNA purification on PRRSV 
RT-qPCR testing and evaluate the detection of PRRSV antibody (IgM, IgA, IgG) in processing 
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fluids from herds of known PRRSV status.  Processing fluids used in the research were derived 
from PRRSV-naïve herds and from PRRSV-unstable breed-to-wean herds.   
 
Results:  PRRSV RNA in processing fluid samples was highly stable under conditions 
available on most farms, i.e., frozen (-20°C) or refrigeration (4°C), with detrimental effects only 
observed at higher temperatures.  No effect in PRRSV RNA detection was detected among 4 
different commercial RNA purification kits, although differences in internal control sample 
quantitative results were noted.  An evaluation of antibody isotype detection in processing fluids 
found excellent discrimination using a modified PRRSV ELISA at a sample-to-positive (S/P) 
cut-off of ≥ 0.5.   
 
Conclusions:  Judicious sample handling of processing fluids on the farm and the use of 
diagnostic methods routinely available in veterinary diagnostic laboratories will provide a 
foundation for excellent PRRSV surveillance using processing fluids in sow herds. 
 
Keywords:  Swine, PRRSV, Processing fluids, Surveillance, Monitoring, RNA, Extraction, 
ELISA, Antibody 
 
Introduction 
Background 
Porcine reproductive and respiratory syndrome virus (PRRSV), with PRRSV‐1 
predominant in Europe and PRRSV‐2 predominant in the Americas and Asia, continues to be a 
significant welfare and economic problem for the global swine industry, (Holtkamp et al., 2019; 
Zimmerman et al., 2019).   
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In commercial swine herds implementing PRRSV control or elimination procedures, 
surveillance is a critical element in tracking the efficacy of the measures taken.  In particular, 
direct surveillance of sow herds, i.e., collecting samples from sows, is problematic.  
Alternatively, indirect PRRSV surveillance in breeding herds using processing fluid samples, 
i.e., the serosanguinous fluid recovered from tissues associated with castration and/or tail 
docking (Lopez et al., 2018) has been rapidly adopted by producers and veterinarians.  For 
example, at four major US veterinary diagnostic laboratories servicing the swine industry, the 
number of cases (submissions) that included one or more processing fluid samples increased 
from 211 in 2017 to 7,100 in 2018, and 11,608 in 2019 (Trevisan et al., 2019).  Moreover, the 
numbers of individual processing fluid samples tested only at Iowa State University Veterinary 
Diagnostic Laboratory (ISU-VDL) went from 829 samples tested in 2017 to 14,616 samples in 
2018 and 27,520 in 2019.   
 
Given the rapid adaption of processing fluids for disease surveillance, studies are needed 
to understand the diagnostic characteristics and limitations of the specimen.  The objectives of 
this project were to (Study One) assess the impact of storage conditions and RNA purification on 
PRRSV RT-qPCR testing and (Study Two) evaluate the detection of PRRSV antibody (IgM, IgA, 
IgG) in processing fluids from herds of known PRRSV status.   
 
Materials and Methods 
Experimental Design  
Processing fluid samples, the serosanguinous fluid collected at the time of tail docking 
and castration, were collected following guidelines fully described in the chapter two of this 
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dissertation (Lopez in 2018).  In Study One, (1) RNA extraction protocol, and (2) storage 
temperature by time on processing fluid RT-qPCR testing results were evaluated in two separate 
experiments.  Subsequently, PRRSV RT-qPCR results (Cq values) were analyzed using one-way 
analysis of variance (ANOVA) to test for treatment differences in each of the 2 experiments.  In 
Study Two, a commercial PRRSV serum IgG ELISA (PRRS X3 Ab Test, IDEXX Laboratories, 
Inc., Westbrook, ME) was optimized for the detection of PRRSV isotype-specific antibody (IgM, 
IgA, IgG) in processing fluids.  Thereafter, ELISA processing fluid results from samples of 
known status were evaluated by receiver operating characteristic (ROC) curve analysis to 
establish the optimum S/P cut-off.   
 
Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) 
The PRRSV used in Study One was initially isolated at the Iowa State University 
Veterinary Diagnostic Laboratory on ZMAC cells, an immortalized cell line, from serum 
samples collected in 2014 in conjunction with a reproductive disease in a commercial herd 
located in the Midwest USA (Calzada-Nova et al., 2012).  Genetic analyses determined that the 
isolate was a wild-type PRRSV-2, i.e., not closely related to any of the five commercial modified 
live vaccines included in the evaluation.  For use in Study One, the virus was propagated 
on ZMAC cells cultured in suspension in RPMI-1640 medium containing L-glutamine and 
HEPES (Corning Inc., Oneonta, NY) supplemented with MEM non-essential amino 
acids (Corning Inc.), sodium pyruvate (Corning Inc.), L-glutamine (Corning Inc.), 
glucose (Corning Inc.), fetal bovine serum (Sigma Aldrich, St. Louis, MO), mouse macrophage 
colony stimulating factor (Shenandoah Biotechnology, Inc., Warwick, PA), and antibiotics 
(gentamicin, penicillin, streptomycin, and amphotericin; Invitrogen/Thermo Fisher Scientific, 
54 
 
Carlsbad, CA) at 37oC under 5% CO2.  Propagation was performed in cell culture flasks with 
ZMAC cell suspensions and then stored in 20 ml aliquots at -80°C.   
 
Processing Fluid Samples 
Processing fluids in Study One consisted of samples from PRRSV-naïve farms submitted 
to the Health Assurance Testing Services (HATS) laboratory at the Iowa State University 
Veterinary Diagnostic Laboratory for routine PRRSV surveillance.  Samples were tested PRRSV 
RNA negative (Extraction B) at the HATS laboratory, then stored (-20°C) in their original tubes.  
Processing fluids in Study Two consisted of processing fluids submitted to the HATS laboratory 
from PRRSV-naïve herds and presumed antibody-positive processing fluid samples collected in 
two PRRSV-unstable breed-to-wean herds.  For both studies, the number of litters included in 
each PF sample varied from 20 to 30 litters, i.e., 230 to 345 piglets (Table 1). 
 
PRRSV Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 
Extraction A          Nucleic acid was extracted from processing fluid samples using a 
commercial kit (RealPCR* DNA/RNA Magnetic Bead Kit, IDEXX Laboratories Inc.) and 
automated instrumentation (Kingfisher Flex Magnetic Particle Processor, Thermo-Fisher 
Scientific, Waltham, MA, USA).  In brief, sample (200 µL) and lysis solution (200 µL) were 
incubated for 15 min followed by 5 min incubation with the bead solution (600 µL binding 
buffer + 20 µL magnetic beads).  Magnetic beads were collected and then washed with solutions 
I, II, and 80% ethanol (600 µL for 3 min each) followed by 10 min drying after the final wash.  
Thereafter, nucleic acids were eluted from the magnetic beads (100 µL elution buffer for 5 min).  
All the above mentioned procedures were performed at room temperature.   
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Extraction B          Nucleic acid was extracted from processing fluid samples using a 
commercial kit (MagMAX™ Viral RNA Isolation Kit, Applied Biosystems by Thermo-Fisher 
Scientific) and automated instrumentation (Kingfisher Flex Magnetic Particle Processor, 
Thermo-Fisher Scientific).  In brief, sample (100 µL), lysis/binding solution (240 µL) and the 
magnetic bead solution (20 µL Bead Mix) were combined in extraction plates and then mixed for 
5 min.  Magnetic beads were collected for 15 sec (3 sec × 5 times), washed 2 times with Wash 
Solution I, (300 µL for 1 min each time), 2 times with Wash Solution II, (450 µL for 15 sec each 
time), and then dried for 1 min after the final wash.  Thereafter, nucleic acids were eluted at 
65°C from the magnetic beads (90 µL elution buffer for 3 min).   
 
Extraction C          Nucleic acid was extracted from processing fluid samples using a 
commercial kit (MagMAX™ Total Nucleic Acid Isolation Kit, Applied Biosystems by Thermo-
Fisher Scientific).  In brief, sample (175 µL) and lysis solution (235 µL) were combined with 
zirconia beads in bead tubes and agitated (Mini-Beadbeater™, BioSpec Products, Inc.  
Bartlesville, OK, USA) for 5 min.  The beads were then pelleted by centrifugation (16,000 x g) 
for 3 min after which lysate (115 µL) was transferred to wells of a 96-well plate containing 65 
µL of 100% isopropanol and 20 µL of the magnetic bead solution (20 µL Bead Mix).  The plate 
was then placed on a purification instrument (Kingfisher Flex Magnetic Particle Processor, 
Thermo-Fisher Scientific).  Magnetic beads were collected for 15 sec (3 sec × 5 times), and then 
washed 2 times with Wash Solution I (300 µL for 1 min each time), 2 times with Wash Solution 
II, (450 µL for 15 sec each time), and dried for 1 min after the final wash.  Thereafter, nucleic 
acids were eluted at 65°C from the magnetic beads (90 µL elution buffer for 3 min).  
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Extraction D          Nucleic acid was extracted from processing fluids samples using a 
commercial kit (QIAamp® RNA Blood Mini kit, QIAGEN, 19300 Germantown Road 
Germantown, MD 20874).  In brief, sample (140 µL) and lysis solution (560 µL) were pipetted 
into a microcentrifuge tube (1.5 ml), vortexed for 15 sec, incubated at room temperature for 10 
min, and then 100% ethanol (560 µL) was added and the sample vortexed for 15 sec.  Thereafter, 
the solution (630 µL) was transferred to a QIAamp® Mini column nested in a 2 ml collection 
tube and centrifuged at 6,000 x g for 1 min.  The QIAamp® Mini column was then placed into a 
new 2 ml collection tube and the previous tube containing the filtrate was discarded (this step 
was done 2 times).  Buffer AW1 was added (500 µL) and then the QIAamp® Mini column was 
centrifuged at 6,000 x g for 1 min and, as described above, the QIAamp® Mini column was 
placed into a new clean 2 ml collection tube and the previous tube containing the filtrate was 
discarded.  Then the Buffer AW2 was added (500 µL) and column was centrifuged at 20,000 x g 
for 3 min.  The QIAamp® Mini column was then placed in a new 2 ml collection tube and 
centrifuged at 20,000 x g for 1 min to eliminate possible Buffer AW2 carryover.  The QIAamp® 
Mini column was then placed in a clean 1.5 ml microcentrifuge tube, Buffer AVE (60 µL) was 
added, and the sample incubated at room temperature for 1 min.  Finally, the sample was 
centrifuged at 6,000 x g for 1 min to elute at least 90% of the viral RNA. 
 
PRRSV RT-qPCR          Nucleic acid extracts were assayed using a commercial kit 
(RealPCR* PRRS Type 1 and Type 2 Multiplex RNA Mix and Master Mixes, IDEXX 
Laboratories, Inc.).  Plates containing purified RNA, Multiplex RNA mix and master mixes were 
loaded onto a thermal cycler (7500 Fast Real-Time PCR System, Applied Biosystems©, Foster 
City, CA, USA) and the following cycling conditions with standard ramp rate were used: one 
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cycle at 50°C for 15 min, one cycle at 95°C for 1 min, 45 cycles of 95°C for 15 seconds, and 
60°C for 30 seconds.  Amplification data was analyzed using the ‘auto baseline’ and ‘auto Ct’ 
functions.  Samples with Cq values < 37 were considered PRRS-positive.  Assay controls 
included in each run consisted of a negative extraction control plus positive and negative 
amplification controls.  In addition, an internal sample control (ISC), i.e., endogenous, pig-
specific genetic material, was used to monitor sample quality, extraction, and amplification.  
That is, ISC primers and probes targeting host DNA or RNA within the sample produced an 
amplification curve that validated the reaction. 
 
Processing Fluid Experimental Designs 
In Study One, two experiments were conducted to evaluate storage and testing procedures 
in terms of their effect on PRRSV RNA detection in processing fluids:  A) PRRSV RNA 
extraction protocols and B) storage conditions (temperature and time length) and.  To perform 
Experiments A and B, PRRSV RNA-negative processing fluid samples (n = 70) were thawed 
(4°C for 14 hrs.), aggregated, stirred, and re-tested by PRRSV RT-qPCR (using extraction A) to 
confirm PRRSV RNA-negative status.  To create PRRSV-positive processing fluids samples for 
use in experiments A and B, one aliquot (10 ml) of ZMAC-propagated PRRSV was thawed (4°C 
for 24 hrs.), added to PRRSV-naïve processing fluid at a ratio of 1:10, and aliquoted (1 ml).  For 
Experiment A, sample aliquots (n = 72) were stored at -80°C until use.  For Experiment B, 
samples aliquots (n = 24) were used immediately.   
 
Study one, experiment A          Four commercial RNA extraction protocols (I, II, III, IV) 
were compared using the previously described methods:  I) RealPCR* DNA/RNA Magnetic 
Bead Kit, IDEXX Laboratories Inc., II) MagMAX™ Viral RNA Isolation Kit, Applied 
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Biosystems by Thermo-Fisher Scientific, III) MagMAX™ Total Nucleic Acid Isolation Kit, 
Applied Biosystems by Thermo-Fisher Scientific and IV) QIAamp® RNA Blood Mini kit, 
QIAGEN, 19300 Germantown Road Germantown, MD 20874.   
 
Study one, experiment B          The stability of PRRSV RNA in PF samples was 
evaluated under 11 temperature × time storage conditions representative of routine laboratory 
and field settings.  Storage times ranged from 0 to 336 hours (time 0 served as baseline); 
temperatures ranged from -20°C to 34°C.  Six replicates were included for each temperature × 
time combination.   
 
In Study Two, processing fluid samples (n = 195) from two PRRSV-positive breed-to-
wean herds and samples (n = 89) from seven PRRSV-naïve breed-to-wean herds were used to 
adapt a commercial PRRS serum ELISA (IDEXX PRRS X3 Ab Test, IDEXX Laboratories, Inc.) 
to the detection of antibody (Ab) isotypes in processing fluids.  Processing fluid samples were 
tested at a dilution of 1:10 (serum is tested at 1:40) using kit sample diluent (100 ul final 
volume).  ELISAs were performed as instructed by the manufacturer for the PRRSV X3 Ab 
ELISA (IgG) with the following exceptions:  the kit IgG conjugate was replaced with Bethyl 
goat anti-pig IgG (Fc) (Bethyl Laboratories) diluted 1:10,000 in IDEXX conjugate diluent; or 
goat anti-pig IgA (Bethyl Laboratories) diluted 1:2,000 in IDEXX conjugate diluent; or goat 
anti-pig IgM diluted at 1:5,000 in IDEXX conjugate diluent.  Incubation times and temperatures 
were changed to 2 hours at 37 C, 1 hour at 37 C and 5 minutes at room temperature (20-24 C).  
All samples were run on plates with positive (n = 2) and negative (n = 2) internal controls for 
IgG, IgA or IgM.   
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Statistical Analysis 
In Study One, PRRSV RT-qPCR results were determined to be normally distributed 
based on quantile-quantile plot (Q-Q plot) analysis (SAS® 9.4, SAS Institute, Inc., Cary, NC, 
US).  Thereafter, one-way analysis of variance (ANOVA) as used to test for treatment 
differences with Cq values as the response variable and treatment as the categorical variable. 
 
In Study Two, PRRSV IgM, IgA, and IgG ELISA data (S/P ratios) from samples of 
known status were transformed (loge x) to normalize the responses.  Thereafter, Welch's T-test 
for groups with unequal variance was used to compare antibody isotype responses in processing 
fluids from PRRSV-naïve vs PRRSV-infected herds (RStudio Team, 2018).  Receiver operating 
characteristic (ROC) curve analysis was performed on IgA and IgG data and diagnostic 
sensitivity and specificity estimated at various cutoffs (MedCalc Statistical Software V. 19.1.7, 
MedCalc Software Ltd, Ostend, Belgium).   
 
Results 
Study One, Experiment A  
PRRSV RT-qPCR results by extraction protocol are reported in Table 2.  All PRRSV-
inoculated processing fluid samples (n = 24) tested by RT-qPCR were positive for both the virus 
and the internal sample control, regardless of the extraction method.  No quantitative difference 
in PRRSV Cq values was detected among the 4 commercial RNA purification kit was detected 
(one-way ANOVA, P-value = 0.84).  However, internal sample control Cq values showed a 
difference among extraction methods (one-way ANOVA, P-value < 0.0001).  Pairwise 
comparisons (Tukey's test), showed no difference in internal sample control Cq values between 
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protocols I and II, but protocols III and IV differed from each other (P-value = 0.004) also from 
protocols I and II (P-value < 0.006), as indicated in Table 2.   
 
Study One, Experiment B  
PRRSV RT-qPCR results by time and temperature are reported in Table 3.  Analysis of 
the data detected differences in mean Cq values between the 11 treatments of temperature × time 
storage conditions (ANOVA P-value < 0.0001).  Samples held at 4°C were highly stable through 
336 hours, albeit internal sample control Cq values differed between 24 vs. 0 hours (Tukey's test, 
P-value < 0.005).  Pairwise comparisons of virus and internal control samples held at 22˚C or 
34˚C and tested at 24 and 48 hours showed higher Cq values relative to time 0 samples (Tukey's 
test, P-value  < 0.005). 
 
Study Two  
Antibody testing results are reported in Figures 1 and 2.  As shown in Figure 1, a 
comparison of mean sample-to-positive ratios (S/P) between PRRSV-positive and PRRSV-naïve 
processing fluid samples for the three antibody isotypes provided evidence of differences 
between negative and positive samples for IgA (P-value < 0.0001) and IgG (P-value < 0.0001).  
No difference was detected in IgM S/P values between the two groups (P-value = 0.267). 
 
The ROC curve analysis for the evaluation of PRRSV IgA and IgG ELISAs based on 
samples from sow herds of known PRRSV status is given in Figure 2.  The AUC for the IgA 
ELISA was 0.96 (95% CI: 0.93, 0.98) versus 1.00 (95% CI: 0.98, 1.00) for the IgG ELISA.  For 
the IgA ELISA, the diagnostic performance at a cutoff of S/P ≥ 0.23 was 94.9 (95% CI: 90.8, 
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97.5) and 85.4% (95% CI: 76.3, 92.0) for diagnostic sensitivity and specificity, respectively.  For 
the IgG ELISA, a cutoff of S/P ≥ 0.49 produced estimates of 100% (95% CI: 98.1, 100) and 
100% (95% CI: 95.9, 100) for diagnostic sensitivity and specificity.   
 
Discussion 
Previous work has demonstrated that processing fluid samples are a practical, highly 
sensitive, and cost-effective approach for PRRSV detection in commercial herds, including 
under low prevalence scenarios (Lopez et al., 2018a, 2020; Trevisan et al., 2019a).  The result 
has been the rapid implementation of processing fluids-based sampling strategies for PRRSV 
monitoring and surveillance in swine breeding herds and a rapid increase of processing fluid 
submissions to veterinary diagnostic laboratories in the Americas (Trevisan et al., 2019b).  In 
addition to its utility for PRRSV detection, early reports suggest its use for the surveillance of 
other pathogens of swine, e.g., porcine circovirus 2 (Lopez et al., 2018b), Porcine delta 
coronavirus (Trevisan et al., 2020) and Seneca virus A (Otterson et al., 2019).  Given the rapid 
adoption of processing fluids by the industry, it is important to define the diagnostic 
characteristics and limitations of the specimen in order to avoid errors and build a solid 
surveillance foundation.   
 
Study One, Experiment A showed that standard extraction methods currently used for 
serum provide adequate performance for processing fluids without additional modification.  
Extraction of internal sample control (ISC), i.e., endogenous, pig-specific genetic material, was 
likewise successful (positive) with each of the for extractions included in the study.  However, 
although the data were sparse, the ISC Cq results suggested subtle differences in extraction 
efficiencies.  This is consistent with previous reports of differences in performance among RNA 
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extraction methods and RT-qPCR assays for PRRSV detection in oral fluids using methods 
originally developed for serum (Chittick et al., 2011).  Regardless of the specimen type, there is 
an ongoing need for continual improvement in RNA detection. 
 
Study One, Experiment B showed that detection of PRRSV RNA in processing fluids was 
unaffected by storage at 4°C for up to 14 days but, exposure to higher temperatures should be 
avoided in order to optimize the diagnostic utility of the sample.  Thus, on farms, processing 
fluids should be chilled and then stored in a standard refrigerator or frozen (-20ºC) if prolonged 
storage is required.  However, it should be borne in mind that freeze-thaw cycles invariably 
reduce the detection of RNA, especially if samples undergo several freeze-thaw cycles (Weiser 
et al., 2018).  Thus, self-defrosting freezers should be avoided.  Ideally, samples should be 
collected, chilled, and shipped to the laboratory at the earliest opportunity. 
 
Prior research showed that PRRSV IgG antibody could be detected in processing fluids 
using commercial PRRSV ELISAs developed for antibody detection in serum or oral fluid 
samples (López et al., 2018a).  Study Two expanded on the earlier research by evaluating the 
detection of PRRSV IgM, IgA, and IgG in processing fluids using samples from herds of known 
PRRSV status.  The rationale for this approach was based on the fact that, although maternal 
(colostral) IgG cannot be differentiated from IgG produced by piglets in response to infection, 
PRRSV-specific IgM and IgA can only be produced by the piglets themselves.  As reported 
herein, a modified PRRSV IgG ELISA provided excellent discrimination when using at a cut-off 
of  S/P ≥ 0.5 (Figure 2).  Efforts at detecting IgM and IgA were less successful but were 
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undoubtedly compromised by the fact that specific temporal information, i.e., time of infection, 
was unknown.   
 
Conclusions 
This study verified the performance of routine RNA extraction procedures for PRRSV 
RT-qPCR and provided guidelines for handling processing fluids on the farm.  In addition, 
results from this study suggested that PRRSV IgG testing of processing fluid samples could be 
highly useful for monitoring breeding herds that are considered to be negative or naïve for 
PRRSV.  Finally, additional research on the detection of IgM and/or IgA antibody in processing 
fluids may be justified by its potential to provide a highly cost-effect approach for monitoring the 
status of piglets in PRRSV-infected or vaccinated sow herds.   
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Table 4-1. Source and PRRSV status of processing fluid samples used in Studies One and Two 
 Study One  - - - - - Study Two  - - - - - 
Herd-of-origin PRRSV status Naïve* Naïve* Positive† 
Total no. of samples 70 89 195 
No. of litters per PF sample 20 - 30 20 - 30 20 - 30 
 
* Samples submitted from PRRSV-naïve herds for testing at the Health Assurance Testing 
Services (HATS) laboratory, Veterinary Diagnostic Laboratory, College of Veterinary 
Medicine, Iowa State University, Ames IA USA. 
† Field PF samples collected from two PRRSV-positive commercial herds 
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Table 4-2. Study One Experiment A: Effect of RNA extraction protocol on PRRSV RT-qPCR 
testing of processing fluids (6 replicates per treatment) 
RNA Extraction protocol 
PRRSV Mean                   
Cq (95% CI) 
PRRSV Internal Sample 
Control (95% CI)* 
Protocol Ia 18.15 (17.60, 18.70) 30.4 (30.1, 30.8)1 
Protocol IIb 18.22 (17.67, 18.76) 30.3 (30.0, 30.7)1 
Protocol IIIc 17.93 (17.38, 18.48) 29.4 (29.1, 29.8)2 
Protocol IVd 17.96 (17.41, 18.51) 28.5 (28.1, 28.8)3 
 
* Superscripted numbers indicate differences based on pairwise comparisons (Turkey's test, P-
value < 0.006). 
a RealPCR* DNA/RNA Magnetic Bead Kit, IDEXX Laboratories, Inc., Westbrook, ME, USA.   
b MagMAX™ Viral RNA Isolation Kit, Applied Biosystems®, Thermo-Fisher Scientific, Inc., 
Waltham, MA, USA. 
c MagMAX™ Total Nucleic Acid Isolation Kit, Applied Biosystems®, Thermo-Fisher 
Scientific.  
d QIAamp® RNA Blood Mini kit, QIAGEN, 19300 Germantown Road Germantown, MD 
20874 USA.  
  
68 
 
Table 4-3. Study One Experiment Ba: Effect of holding temperature and time on processing fluid 
PRRSV RT-qPCR test results (6 replicates per treatment). 
  - - - - - Temperature (mean Cq 95% CI) - - - - -    
Time (hrs) Target 4°Cb 22°C 34°C 
0 
PRRSV RNA 
ISCc 
-   -   -   -   -   -   -   18.6 (18.4, 18.9)   -   -   -   -   -   -   - 
-   -   -   -   -   -   -   29.9 (29.5, 30.4)   -   -   -   -   -   -   - 
24 
PRRSV RNA 
ISC 
18.9 (18.6, 19.1) 
30.9 (30.5, 31.4)* 
19.4 (19.1, 19.7)* 
30.9 (30.5, 31.4)* 
25.3 (25.0, 25.6)* 
33.5 (33.0, 33.9)* 
48 
PRRSV RNA 
ISC 
18.4 (18.1, 18.6) 
29.9 (29.5, 30.4) 
20.0 (19.8, 20.3)* 
31.4 (31.0, 31.9)* 
27.4 (27.2, 27.7)* 
34.9 (34.5, 35.3)* 
 
* Different from time 0 value (P < 0.005) 
a Positive control samples, i.e., samples stored at -20°C, had PRRSV RT-qPCR Cq values (95% 
confidence intervals) of 18.8 (18.5, 19.1) and 18.0 (17.8, 18.3) at 120 and 336 hours, 
respectively. 
b Samples stored at 4°C and tested at 72, 120, and 336 hours had PRRSV RT-qPCR Cq values 
(95% confidence intervals) of 18.9 (18.6, 19.1), 18.8 (18.5, 19.0), and 18.9 (18.6, 19.2), 
respectively. 
c ISC: Internal Sample Control (i.e., endogenous, pig-specific genetic material). 
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* Significant difference in S/P response when comparing samples from PRRSV negative vs 
positive herds (Welch's T-test, p < 0.05). 
Figure 4-1. PRRSV IgM, IgA, and IgG sample-to-positive (S/P) responses in processing fluids 
from known PRRSV negative (neg) and PRRSV positive (pos) herds.  Testing was 
performed using a commercial PRRSV serum IgG ELISA (IDEXX PRRS X3 Ab 
Test, IDEXX Laboratories, Inc.) adapted to detect specific antibody isotypes in 
processing fluids.   
  
70 
 
 
* Area under the curve (AUC) significantly different from 0.5. 
Figure 4-2. Receiver operating characteristic (ROC) curve analyses of processing fluids samples 
tested for PRRSV IgA (left) and IgG (right).  Testing was performed on samples 
from herds of known PRRSV status using a commercial PRRSV serum IgG ELISA 
(IDEXX PRRS X3 Ab Test, IDEXX Laboratories, Inc.) adapted to detect specific 
antibody isotypes in processing fluids.  Open red circles indicate the maximum 
perpendicular distance between the ROC curve and the diagonal line, i.e., Youden's J 
index. 
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CHAPTER 5.    PROBABILITY OF PRRS VIRUS DETECTION IN POOLED 
PROCESSING FLUID SAMPLES: MODELING THE RNA DILUTION EFFECT 
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Modified from a manuscript to be submitted to Veterinary Microbiology Journal 
 
Abstract 
Population-based surveillance strategies based on aggregate specimens, e.g., processing 
fluids (PF), naturally lead to questions concerning the probability of PRRSV RNA detection.  
The objective of this study was to model the effect of pooling PF samples on the probability of 
PRRSV RNA detection under a low prevalence scenario.  For this study, a PRRSV-positive PF 
field sample with a Cq value of 29 was selected to represent a litter of 11 pigs with a single 
viremic piglet.  PF samples from a PRRSV-naïve herd were used to perform 6 replications of 8 
two-fold serial dilutions of the PRRSV-positive sample, thus modeling the pooling effect 
(dilution).  Each two-fold dilution mimicked an increase in the number of PRRS-negative pigs in 
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the sample by a factor of 2.  Samples were tested for PRRSV RNA and the data analyzed using 
linear and probit regression models.  Based in these analyses, a PF pooled sample from 71 litters 
with only one PRRSV-positive litter (i.e, with a single viremic piglet) would yield PRRSV-
positive test results with a Cq value of 36.9, but with a 43% probability.  The maximum number 
of pigs that could be pooled in PF in the presence of only one litter with one viremic pig and that 
can be detected with a 95% confidence level was 323 and was defined as the limit for pooling 
PF.  Results from this study support the practice of pooling PF samples from multiple litters and 
can be used for designing processing fluid-based sampling protocols. 
 
Keywords: Pooling; Processing fluids; PRRS virus; Monitoring; Surveillance; Swine 
 
Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be a 
significant problem for most of the pork producing countries across the globe.  Continuous 
PRRSV surveillance is necessary to increase the chance of virus detection over time and acquire 
the necessary information to support PRRSV control and elimination programs.  These 
surveillance systems rely on diagnostic screening strategies to ensure correct decision making 
and timely management changes.  Well-designed sampling strategies for PRRSV surveillance 
constantly seek to be practical, reliable and affordable in order to be a solid and consistent source 
of diagnostic information.  Along these lines, pooling biological specimens for diagnostic testing 
has been reported as a strategy to save costs by running fewer diagnostic tests but obtaining 
information from a greater proportion of the population, compared with the random sampling a 
limited number of individual animals (Schisterman et al., 2009).  Pooling is, by definition, 
combining individual samples in groups or ‘pools.’  Pooling samples allows for testing more 
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animals (increase statistical power) with the same diagnostic budget, by increasing the frequency 
of testing and/or increasing the number of animals sampled (Muñoz-Zanzi et al., 2006).  
Processing fluids is a population-based sample (aggregated sample) constituted by the 
serosanguinous leakage that derives from the tissues removed during litter processing (castration 
& tail docking) in 3 to 5-day old piglets (López et al., 2018a).  The use of aggregated samples 
such as processing fluids continue to generate questions about the effect of pooling these 
aggregate samples.  More specifically, there is a growing interest on the effect of pooling 
processing fluids samples on the probability of PRRSV RNA detection by reverse-transcription 
quantitative polymerase chain reaction (RT-qPCR), especially when the herd prevalence is low.  
Understanding the capabilities and limitations of processing fluid-based sampling method is of 
vital importance to design PRRSV monitoring and surveillance programs using this specimen 
(Yeske, 2018).  It has been reported that when litter processing fluid samples were collected by 
farrowing room (i.e., all litters processed within a farrowing room) in a scenario where the 
prevalence of PRRSV was approximately 8% among piglets, the probability of PRRSV RNA 
detection for the processing fluid method was 100% (López et al., 2018b).  However, questions 
about how many pigs can be pooled in processing fluid samples remain unanswered.  There is 
still doubt regarding the limits for sample aggregation before it is no longer possible to detect 
PRRSV RNA by RT-qPCR in processing fluid collected under field conditions.  Thus, the 
objective of this study was to model the dilution effect of PRRSV RNA in pooled processing 
fluids on the probability of detection by RT-qPCR and determine the limit of PRRSV RNA 
detection by RT-qPCR in processing fluids collected under field conditions. 
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Materials and Methods 
Study Design           
A series of 8 two-fold serial dilutions were produced and replicated 6 times using 
PRRSV-positive and PRRSV-naïve processing fluid samples respectively collected from 
PRRSV-infected and PRRSV-naïve breeding herds.  After that, all samples were tested by RT-
qPCR for the presence of PRRSV RNA, and results were analyzed using linear regression and 
probit regression models to understand the changes in quantification cycle (Cq) values, calculate 
the probability of PRRSV detection in pooled processing fluids samples and determine the ‘limit 
for pooling processing fluids.’  
 
PRRSV-positive Processing Fluid Samples           
Processing fluid samples (n = 6) were collected from pigs at processing age (3 - 5 days) 
in a PRRSV-unstable (Holtkamp et al., 2011) commercial breeding herd 10 weeks following a 
PRRS outbreak.  Samples were tested for the presence of PRRSV RNA by RT-qPCR seeking to 
obtain at least one processing fluid sample with an RT-qPCR Cq value between 29 and 30.  
These values, as described in the discussion section, have been commonly reported in processing 
fluids samples of litters having a single viremic piglet (Vilalta et al., 2018; López et al., 2020).  
Thus, within the context of this study, those samples with Cq values between 29 and 30 are 
referred to as ‘low prevalence litter’ samples.  Processing fluid collection was performed 
according to the methodology described by López in 2018.  Briefly, tail and testicle tissues were 
collected using a clean disposable plastic bag placed in a plastic bucket and employing a 
cheesecloth to filter the fluids derived from the piglet testicles and tails at processing, fluids were 
then decanted into a sterile container for transportation and storage.  Samples were frozen at -
20˚C until utilization in the experiment. 
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Naïve Processing Fluid Samples           
PRRSV-free processing fluid samples (n = 10) were collected from 3 - 5 days old piglets 
in PRSSV negative breeding herds within a single production system.  The herds were classified 
as negative or in this case, category IV, based on the terminology for classifying swine herds by 
PRRSV status (Holtkamp et al., 2011), i.e., no previously PRRSV infected animals are present in 
the herd and the results for PRRSV serum antibody ELISA tests in adult breeding animals is 
negative (e.g., PRRSV-naïve population).  All PRRSV-free processing fluid samples were tested 
individually for the presence of PRRSV RNA by RT-qPCR before and after mixing to verify the 
negative status of the samples.  The negative processing fluid samples were collected using the 
same procedure used to collect the PRRSV-positive processing fluid samples.  
 
Serial Dilutions           
Negative processing fluid samples were all aggregated and mixed to create a single 
homogenous PRRSV-free processing fluids matrix and then used to perform serial dilutions on 
replicates of the PRRSV-positive processing fluid sample, thus modeling the dilution effect of 
pooling positive and negative processing fluids together with the additional increase of sample 
aggregation to achieve a bigger proportion of the PRRSV-naive processing fluid fraction.  Six 
replicates of a series of eight two-fold serial dilutions were produced using the stock solution of 
the undiluted PRRSV-positive processing fluid field sample as dilution 0.  Aliquots of 2.8 mL of 
the PRRSV-positive processing fluids were pipetted into six Falcon® Round-Bottom 
Polypropylene tubes of five mL volume capacity (Thermo Fisher Scientific 168 Third Avenue 
Waltham, MA USA 02451).  The stock solution of the PRRSV-positive sample (2.8 mL) was 
used to represent a litter of 11 pigs with a single viremic piglet in it (low prevalence litter).  The 
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‘low prevalence litter’ sample volume used in this study is based upon author’s aggregated data 
from 396 litters which revealed a mean processing fluid volume contribution of 0.251 mL per 
piglet (data unpublished).  A volume of 2.8 mL was chosen to facilitate the serial dilutions by a 
factor of two.  PRRSV-free samples were aliquoted in 48 equal portions of 1.4 mL into 5 mL 
Falcon® Round-Bottom Polypropylene tubes.  Six series of eight tubes, each containing 1.4 mL 
of negative processing fluids, were then prepared.  Tubes were labeled as 1 to 8 for each serial 
dilution and identified with letters A to F to differentiate the replicates.  Serial dilutions were 
done by pipetting 1.4 mL of the initial stock solution (undiluted PRRSV-positive processing 
fluid field sample) into the tube labeled as number 1 containing 1.4 mL of naïve processing 
fluids sample for each replicate (A to F) and subsequently pipetting 1.4 mL of the new stock 
solution into the next tube until reaching the eighth dilution.  For each two-fold dilution, the 
number of PRRSV-negative pigs represented in the processing fluids pool doubled relative to the 
previous processing fluid sample.  For instance, while the stock solution (dilution 0) represents a 
PRRSV-positive litter of 11 piglets, the first dilution would represent a processing fluids sample 
from 22 pigs (2 litters) where only 1 litter contains 1 piglet that is viremic.  After 8 dilutions, the 
processing fluids pool would represent 2,857 pigs with 1 ‘low prevalence litter’ (i.e., one viremic 
pig among 265 litters). 
 
Diagnostic Tests           
All samples were processed and tested individually using commercially available kits.  
Nucleic acid extraction procedures were done using the RealPCR* DNA/RNA Magnetic Bead 
Kit (IDEXX Laboratories, Inc., One IDEXX Drive Westbrook, ME USA) and an automated 
instrument (Kingfisher Flex System magnetic beads processor, Thermo-Fisher Scientific, 
Waltham, MA, USA).  A short outline of the purification of nucleic acid is described as follows:  
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1) Sample (200 µL) and lysis solution (200 µL) were incubated for 15 min followed by 5 min 
incubation with the bead solution at room temperature (600 µL binding buffer + 20 µL magnetic 
beads).  2)Magnetic beads were collected and then washed with solutions I, II, and 80% ethanol 
(600 µL for 3 minutes each) then allowed drying time after the final wash (10 min at room 
temperature).  3) Nucleic acids were eluted from the magnetic beads (100 µL elution buffer for 5 
min at 24ºC room temperature).   
 
PRRSV RT-qPCR was performed to detect the presence of PRRSV RNA using the 
RealPCR* PRRS Type 1 and Type 2 Multiplex RNA Mix and Master Mixes, (IDEXX 
Laboratories, Inc.).  Purified RNA, Multiplex RNA mix and Master Mixes were combined in 
plates following the manufacturer’s directions and then loaded onto a 7500 Fast Real-Time PCR 
System thermal cycler, (Applied Biosystems©, Foster City, CA, USA).  A standard ramp rate 
was used between temperatures in the thermal cycler and the cycling conditions used for the 
reaction are outlined as follows:  1) One cycle at 50°C for 15 min.  2) One cycle at 95°C for 1 
min.  3) Forty-five cycles of 95°C for 15 seconds and 60°C for 30 seconds.   
 
The resultant amplification data was analyzed with the ‘auto baseline’ and ‘auto Ct’ 
functions of the equipment.  Samples with Cq values < 37 were considered PRRS-positive.  One 
negative extraction control and positive and negative amplification controls were included in 
each run of the assay.  Additionally, the IDEXX RealPCR* PRRS RT-qPCR test uses an internal 
sample control (ISC) to monitor sample quality, extraction, and amplification (i.e., endogenous, 
host specific genetic material).  In brief, swine DNA within the sample is targeted by the ISC 
primers and probes and the reaction is validated by the amplification curve produced.  All tests 
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were performed at the Research and Development laboratory of the Iowa State University 
College of Veterinary Medicine.   
 
Data Analysis           
The serial dilutions were made to model the dilution effect of pooling PRRSV-positive 
processing fluids from one ‘low prevalence litter’ with an increasing proportion of PRRSV-
negative processing fluids (processing fluids from PRRSV-naïve litters).  Data was analyzed to 
study the effect of this uneven aggregation (i.e., a smaller proportion of PRRS-positive sample) 
on the probability of PRRSV RNA detection in processing fluid samples by RT-qPCR.   
 
A linear regression model was built to describe the change in ‘Cq values’ (dependent 
variable) as a function of the ‘number of pigs in the pool’ (explanatory variable).  The model 
allowed for the evaluation of Cq values and the effect of adding PRRSV-negative processing 
fluids derived from PRRSV-naive piglets to the original PRRSV-positive processing fluid 
sample.  Furthermore, a probit regression model was fitted to calculate the probability of PRRSV 
RNA detection as a function of the number of PRRSV-negative pigs contributing to the 
processing fluid sample in each dilution.  The probability of PRRSV RNA detection as the 
response variable was linked through a standard logistic distribution to the model.  In both cases, 
the variable ‘number of pigs in the pool’ was Log2 transformed to linearize the relationship 
between the outcome and predictor variables and to facilitate graphing, however, all figures 
show the original back transformed scale in ‘number of pigs’ for ease of interpretation.  All 
analyses were executed using SAS 9.4 statistical software.  Additionally, based on the limit of 
detection (LOD) definitions taken from Burns et al., 2007 and Forootan et al., 2017, this study 
defined the ‘limit for pooling processing fluids’ as the maximum number of pigs that can be 
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aggregated in one single sample which in the presence of one ‘low prevalence litter’ yields at 
least 95% positive results from testing replicates. 
 
Results  
All the processing fluid samples collected from the PRRSV-infected breeding herd (n = 
6) were positive for PRRSV RNA.  The sample selected to represent a litter of 11 pigs having a 
single viremic piglet in it (low prevalence litter) had a Cq value of 28 when first time screened 
for PRRSV by RT-qPCR.  This sample was used as the stock solution for the serial dilutions 
(Dilution 0).  The mean Cq value for the 6 replicates (A to F) of the undiluted ‘low prevalence 
litter’ sample (Dilution 0) was 29.1, which was within the expected range after one freeze-thaw 
cycle, and created a foundation to model the most common scenario for Cq value of litters with 
one viremic pig.  All processing fluids from PRRSV-naïve pigs used for serial dilutions tested 
PRRSV RNA-negative.   
 
Table 1 shows the results for individual RT-qPCR tests of processing fluid samples and 
the mean Cq values from the six replicates at each pooling level (Dilutions).  Figure 1 shows the 
fitted values for the 6 replicates of the 8 serial dilutions and the corresponding regression line, 
including ‘Dilution 0’.  There was a mean change of 1.4 points in Cq values per each unit 
increase in the Log2 ‘number of pigs’ (i.e., equivalent to a two-fold increase in the number of 
pigs contributing to the processing fluid sample) across all replications.  Also shown in Figure 1, 
the dispersion in the data points at each dilution (variation in Cq values) visually increases at 
higher levels of processing fluids pooling.  This can be numerically evidenced as well through 
the increments in standard deviation (SD) for the replicates as the number of piglets in the pool 
increased (Table 1).   
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Results of the RT-qPCR test on the serially diluted processing fluid samples show the 
mean Cq values of the six replications reaching the threshold for the assay to classify the test as 
positive or negative at the 6th dilution (i.e., a Cq of 37).  As shown in Table 2, at that point, 33% 
of the replicates were detected as positive.  By the eighth dilution (2,896 pigs in sample) the 
PRRSV RNA detection rate was 0%.   
 
A graphic representation of predicted Cq values from hypothetical RT-qPCR test results 
was constructed, using the linear regression model coefficients from the serially diluted 
processing fluids data for the calculations, the cut-off value for RT-qPCR qualitative test results 
was included (Figure 2).  The vertical dotted line in Figure 2 indicates the maximum point in the 
horizontal axis where the number of pigs in the sample (i.e., 784 pigs, equivalent to 70 litters) 
would still yield a positive result (i.e., Cq < 37), given that there is one single ‘low prevalence 
litter’ in the sample.   
 
The probability of PRRSV RNA detection in pooled processing fluid samples containing 
only one ‘low prevalence litter’ within the pool (i.e., one litter with average number of 11 pigs 
with RT-qPCR Cq value of 29) is given in Figure 3 as a function of the number of total pigs in 
the sample.  Following the example in the previous paragraph (70 litters) and based on the probit 
regression model, the probability of detecting PRRSV RNA in pooled processing fluid samples 
was 43% when the pool size was 784 pigs.  Moreover, when sample aggregation decreased in the 
number of pigs to 492 (44 litters), the probability of PRRSV RNA detection was 80%.  Thus, the 
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‘limit for pooling processing fluids’ in a sample containing only one ‘low prevalence litter’ was 
323 pigs (29 litters) (i.e., 95% probability of PRRSV RNA detection). 
 
Discussion 
In 1943 Robert Dorfman wrote “the inspection of the individual members of a large 
population is an expensive and tedious process.”  This statement continues to be valid in today’s 
growing swine industry.  A pooling approach is expected to identify viremic animals at costs that 
are likely to be lower than those incurred by testing individual animals (Muñoz-Zanzi et al., 
2000).  However, rather than detecting individual viremic animals, the practice of pooling 
processing fluid samples is aimed for the detection of PRRSV-positive pig groups by assessing 
viremia in more pigs per sample tested, thus reducing testing costs and increasing the chance of 
virus detection.  The work presented here describes the probability of PRRSV RNA detection in 
pooled processing fluid samples as a function of the number of pigs in the sample in the worst-
case scenario where only one ‘low prevalence litter’ is present in the sample. 
 
Low prevalence litters 
To represent a conservative scenario for this experiment, we sought to obtain PRRSV-
positive processing fluid field samples with RT-qPCR Cq value around 29.  Results from a 
previous study revealed that among PRRSV-positive individual litters (n = 22), those that had a 
single viremic pig (n = 10) were the most common litter-type across the whole dataset (i.e., 
45.5% of RT-qPCR PRRSV-positive litters) (López et al., 2020).  PRRSV RT-qPCR median Cq 
values for serum and processing fluids samples from those individual litters were very similar, 
29.2 and 30.2, respectively.  Another study conducted by Vilalta et al., 2018, with similar 
sampling design (i.e., serum and processing fluids from individual litters, n = 77) showed similar 
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results among PRRSV-positive litters (n = 23), having litters with a single viremic pig (n = 8) as 
the most common litter-type in the dataset (i.e., 34.8% of RT-qPCR-positive litters).  The median 
Cq value for serum and processing fluid samples PRRSV RT-qPCR was 28.9 in both cases. 
 
The work presented in this study models the dilution effect of PRRSV RNA in processing 
fluid field samples when the PRRSV-positive sample is pooled with a higher and increasing 
proportion of PRRSV-negative processing fluid samples.  The data derived from the linear model 
indicates that a processing fluid pooled sample with a total of 71 litters (784 pigs), where only 
one ‘low prevalence litter’ (average 11 pigs) is PRRSV RNA-positive, could still yield PRRSV-
positive RT-qPCR results with producing a Cq value of 36.9 (i.e., positive test result), given that 
the ‘low prevalence litter’ is PRRSV-positive with a Cq value of 29.  These ‘low prevalence 
litters’ represents a frequent scenario regarding the type of PRRSV-positive litters encountered in 
PRRSV-infected herds. 
 
The curve modeled by the probit regression model illustrates the range of probabilities 
for detection of PRRSV RNA as a function of the number of PRRSV-negative pigs added to the 
pooled processing fluid sample, assuming that only one litter within that sample is positive for 
PRRSV (serial dilution data).  This modeling approach is frequently used for the determination 
of the limit of detection in real-time quantitative PCR (Forootan et al., 2017) and allowed for 
adaptation and the determination of the ‘limit for pooling processing fluids.’ For this study, that 
was defined as the maximum number of pigs that could be pooled in processing fluids in the 
presence of only one ‘low prevalence litter’ and that can be detected with 95% confidence level.  
The presence of ‘low prevalence litters’ is a common scenario as it was described above (Vilalta 
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et al., 2018; López et al., 2020).  The definition of the ‘limit for pooling processing fluids’ and 
the implications of the analysis presented here offer a conservative guide for adjusting the levels 
at which processing fluids can be pooled, according to user-defined probability threshold for 
PRRSV RNA detection.   
 
The strong appeal of pooled testing is that it can significantly reduce the number of tests 
and associated costs when the prevalence of a disease is small, which has led to the application 
of pooled testing in a wide variety of infectious disease screening settings (Bilder et al., 2012).  
The results from this study support a previous report in the literature, which suggests that pooling 
processing fluids from several litters would be more likely to result in PRRSV RNA detection 
than testing individual litter samples (López et al., 2020 accepted).  Because it allows for testing 
more pigs more frequently, processing fluids sampling strategy already offers an economic 
advantage over individual pig sampling approaches.  Thus, the knowledge generated in this study 
regarding processing fluids pooling alternatives and its limits would extend the reach of PRRSV 
surveillance capabilities in breeding herds in considerable measure by further reducing the cost 
associated with diagnostic testing. 
 
Conclusions 
The work described here is based on the results of the regression analysis for the serially 
diluted processing fluid data.  Results suggest that a pooled processing fluid samples with up to 
784 pigs (70 litters), where only one ‘low prevalence litter’ with a Cq value of 29 is present, 
could be detected as PRRSV-positive by RT-qPCR with 43% probability.  Similarly, data 
indicates that making a pool of processing fluids from 323 pigs (~ 29 litters), where only one 
‘low prevalence litter’ is PRRSV-positive, gives a 95% probability of detecting PRRSV RNA by 
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RT-qPCR.  This is defined as the ‘limit for pooling processing fluids’ for field applications.  The 
experiment presented here models the ‘worst case scenario’ of having just one ‘low prevalence 
litter’ (one litter with only one viremic pig) in the processing fluid sample.  There is an obvious 
dilution effect due to the increased pooling of PRRSV-negative processing fluids with the 
original PRRSV-positive sample, however, pooling processing fluids (e.g. a whole-room as 
opposed to processing fluids from few litters) may also increase the coverage (number of pigs 
contributing to the processing fluid sample) which in turn may increase the probability of 
PRRSV detection by RT-qPCR.  Data suggest that processing fluid sampling method is capable 
of detecting one ‘low prevalence litter’ among a high number of PRRSV-negative litters 
depending upon the magnitude of viremia of the positive pig within that litter.  Results showed 
that the probability of PRRSV RNA detection decreases as the number of PRRSV-free pigs in 
the pool increase.  However, it is important to remember that only one negative RT-qPCR test 
result at a given point in time does not suffice to determine the absence of PRRSV in a pig 
population.  Continuous sampling over time is recommended to better characterize virus 
circulation at piglet processing time.  Therefore, the ability to pool large numbers of pigs in a 
processing fluid sample will allow to test more pigs more frequently.  Results of this study can 
be used as reference for designing processing fluid-based sampling protocols. 
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Table 5-1. Cq values for each of the six replications of serial dilutions and the equivalent 
number of aggregated piglets in the pool at each corresponding dilution 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dilution 
N° of pigs 
in the pool 
RT-qPCR Cq Values of Replicates RT-qPCR 
mean Cq 
Value (SD) A B C D E F 
0 (Stock) 11 29.5 28.9 29.1 28.9 28.9 28.9 29.1 (0.3) 
1 22 30.3 30.0 30.2 30.1 30.0 30.2 30.1 (0.1) 
2 45 31.5 30.8 31.2 31.1 31.2 31.1 31.1 (0.2) 
3 89 32.9 32.3 32.2 32.0 32.0 32.1 32.3 (0.3) 
4 179 33.6 33.2 34.7 34.5 33.5 34.0 33.9 (0.6) 
5 357 34.6 35.3 35.1 35.1 35.3 35.0 35.1 (0.3) 
6 714 37.1 35.8 37.8 37.3 35.6 38.6 37.0 (1.2) 
7 1428 39.0 36.1 37.3 39.5 38.7 38.0 38.1 (1.3) 
8 2857 40.5 40.7 39.4 39.1 41.2 38.8 40.0 (1.0) 
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Table 5-2. Raw proportions for PRRSV RNA detection by RT-qPCR in different levels 
of pooled processing fluids having only one viremic litter 
 
 
 
 
 
 
 
 
 
 
*Proportion of PRRSV RT-qPCR positive tests from 6 replications 
 
 
 
 
 
 
 
 
 
 
 
Dilution 
N° of pigs in the 
pool 
Frequency of 
detection* (%) 
0 (Undiluted) 11 6/6    (100%) 
1 22 6/6    (100%) 
2 45 6/6    (100%) 
3 89 6/6    (100%) 
4 179 6/6    (100%) 
5 357 6/6    (100%) 
6 714 2/6 (33.33%) 
7 1428 1/6 (16.66%) 
8 2857 0/6   (0.00%) 
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Figure 5-1. Regression line for serially diluted processing fluid sample of ‘low 
prevalence litter.’ 
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Figure 5-2. Predicted Cq values as a function of the pool size using the linear regression 
coefficients. 
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Figure 5-3. Predicted probability for PRRSV RNA detection in pooled processing fluids with 
one ‘low prevalence litter.’ 
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CHAPTER 6.    GENERAL CONCLUSIONS 
In the last 50 years, the swine industry has been consolidating in large intensive 
production systems.  In today’s world, the decisions made in terms of management, control, and 
elimination of PRRSV and other infectious diseases, affect larger populations, and the 
consequences of not detecting disease promptly come at a high price.  As populations increase in 
size, it becomes harder and costlier to monitor diseases, especially when prevalence is low, as 
more animals need to be tested to detect disease opportunely.  Likewise, one of the most 
significant limitations of earlier monitoring and surveillance protocols has its root in the method 
applied for its execution: individual pig-based clinical signs and serum sampling.  The 
decreasing tolerance to the effects of infectious diseases like PRRSV, that produce such adverse 
health, production, and economic impact in the swine industry, has been driving the efforts to 
monitor and surveil swine populations. 
 
The standard monitoring protocol for PRRSV in breeding herds consists in testing 30 
serum samples drawn from due-to-wean pigs, this is used to assess breeding herd stability for 
PRRSV (Holtkamp et al., 2011; Linhares, 2013).  But this approach can only detect PRRSV at 
10% or higher prevalence levels.  This approach does not allow for PRRSV detection under low 
prevalence thresholds., unless sample size include 300+ pigs and depending on disease 
prevalence (Cannon and Roe 1982).  There are reports of breeding herds achieving stability after 
applying PRRSV control and/or elimination strategies but then later, have detected the same 
PRRSV found in the herd prior the implementation of the program (Linhares, 2013).  This 
constitutes evidence that the virus transmission continues under specific low prevalence 
thresholds (i.e., under 10% prevalence) for undetermined periods of time.  The need for more 
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sensitive methods is certainly clear.  The swine industry has been showing some progress 
towards the adoption of population-based sampling methods for PRRSV-MOSS.  The increasing 
usage of oral fluids for PRRSV diagnostics in the last years and the rapid adoption of the 
processing fluids are proof of that (Trevisan et al., 2019).   
 
Processing fluid was described in Chapter Two as an aggregate (population-based) 
sample, formed by the serosanguinous fluid recovered from piglet castration and tail docking.  
The development of this population-based sampling method responds to the necessity of 
improving PRRSV detection in scenarios where the prevalence is close to zero to improved 
PRRSV monitoring and surveillance systems. 
 
In this dissertation, Chapter Two introduced the processing fluids method as a tool for 
PRRSV monitoring in breeding herds.  The field trial served as a proof of concept for this new 
sampling technique and evaluated the ability of the processing fluid method to detect PRRSV 
under field conditions.  The study was executed in farms that were considered to have low 
prevalence of the virus and detection was assessed using molecular diagnostic techniques (i.e., 
RT-qPCR).  The study described the method for sample collection and showed that it could be 
easily performed by farm staff without complicated training.  This research work proved not only 
that PRRSV could be detected in processing fluids by RT-qPCR tests, but also would do so with 
a higher frequency of detection than the standard method of bleeding 30 pigs and testing the 
serum in pools of fives (Holtkamp et al., 2011).  It also demonstrated that IgG antibodies could 
be effectively detected in this sample type and that the ORF5 sequencing was also feasible, thus, 
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igniting the interest of the swine industry and academia on this new approach, for its 
implementation and continue improvement through additional research.   
 
Chapter Three described practical aspects of PRRSV RNA detection in commercial 
swine breeding herds.  This study assessed the probability of PRRSV RNA detection in 
processing fluid samples as a function of the within-litter prevalence of the virus.  Furthermore, 
this chapter went on comparing the detection probabilities between one processing fluid sample 
versus serum samples from randomly selected piglets (1, 2, 3 or 4 per litter) as a function of 
within-litter PRRSV prevalence, suggesting that when within-litter prevalence is ≥ 50% the 
probability of PRRSV RNA detection would be ≥ 99% in processing fluids.  Chapter Three also 
offered an additional comparison between the processing fluids sampling strategy and the 
standard PRRSV monitoring scheme using 30 pig serum samples, proving that the new method 
offers superior diagnostic sensitivity for PRRSV at a lower cost, compared with the standard 
approach.  Chapter Three also introduces the idea of pooling processing fluids from different 
days of collection or different rooms within a farm’s farrowing section, with the purpose of 
understanding better and to push further the detection capabilities of this new method.  It 
demonstrated that the probability of detection was still 100% in low prevalence scenarios even 
when the pooling was massive (i.e., 800+ pigs) and generated question regarding the limits for 
pooling processing fluid samples, since the probability of detection could be influenced by the 
number of positive pigs within the sample and the magnitude of viremia of individual PRRSV-
positive pigs.  The work presented in Chapter Three could also be used as reference to 
understand the agreement or disagreement between the two sampling approaches addressed. 
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Chapter Four evaluated processing fluid samples pre-testing conditions effect on RT-
qPCR testing results, such as temperatures and time length for sample storage and protocols for 
nucleic acid extraction.  The assessment revealed that PRRS virus in processing fluid samples 
would be very stable under refrigeration for periods of time of up to 14 days.  Also, prolonged 
exposure to room and higher temperatures would have, correspondingly, a mild and strong 
detrimental effect on the viral RNA within processing fluid samples, therefore, affecting RT-
qPCR testing results.  The effect of RNA extraction protocols was also compared between 4 
different commercial RNA purification kits.  Results suggested no effect in testing results.  
Chapter Four went further on exploring the optimization and use of a modified serologic test 
(PRRS X3 Ab Test, IDEXX Laboratories, Inc., Westbrook, ME) for the detection of three 
different anti-PRRSV antibody (Ab) isotypes (IgM, IgA and IgG) and establish the test cut-off, 
i.e., the point that best discriminated positive and negative samples, thus, expanding the initial 
findings from Chapter Two.  Results with the PRRS IgA and IgM ELISA for processing fluids 
showed low to poor discrimination and therefore would need additional research and 
optimization.  The results obtained for IgG Ab isotype showed perfect discrimination between 
positive and negative processing fluid samples using a cut-off value for the assay of 0.5 sample-
to-positive ratio (S/P).  This chapter served as a reference for the optimization of ‘processing 
fluids’ method for PRRSV RNA and antibody detection, thus, providing important information 
to help establish general recommendations for sample handling and preparation and, validated 
the use of the modified PRRSV ELISA Ab test for the detection of IgG Ab isotype in naïve or 
negative swine breeding herds.  
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Chapter Five takes directly on the subject of pooling aggregate specimens, e.g., 
processing fluid samples, following the initial exploration of this strategy mentioned in Chapter 
Three.  In this chapter the objective was to model the effect of pooling processing fluid samples 
on the probability of PRRSV RNA detection under a low prevalence scenario and establish the 
limit for pooling processing fluids where the probability of PRRSV detection would not fall 
under 95% threshold.  Based in the analyses and results within this study, PRRSV RNA 
detection in pooled processing fluid samples of multiple litters (e.g., 29 to 65), is feasible when 
at least one pig within a given litter in the pool is positive for PRRSV with a quantification cycle 
(Cq) value derived from the RT-qPCR test  29.  Thus, demonstrating that, detection limits for 
pooling processing fluid samples might be dependent on the magnitude of viremia of the pig(s) 
within the sample.  These findings could be useful for designing accurate and reliable processing 
fluid-based sampling protocols. 
 
Results of the research work hereby presented suggest that processing fluids sampling 
method represents a robust tool for PRRSV monitoring and surveillance in suckling pigs due to 
ease of implementation.  Pooling litters increases the sensitivity of the method by covering a 
larger proportion of the population being sampled.  This makes the processing fluids approach a 
more cost-efficient alternative to monitor PRRSV by RT-qPCR in breeding herds attempting 
PRRSV control and elimination, as compared to individual pig sampling, especially in scenarios 
where the prevalence of disease is low at levels. 
 
Validation of processing fluids-based surveillance system to detect PRRS enables 
veterinarians and producers to surveil breeding herds for PRRSV at an increased frequency, 
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accuracy, practicality, and at a significantly lower cost (compared to individual pig serum-based 
surveillance).  This will reduce the time-to-detect outbreaks and increase the probability of 
detecting virus a near-zero prevalence.  Moreover, processing fluids-based surveillance will 
allow veterinarians to understand when breeding herds are producing PRRS-negative pigs at 
piglet processing time (but not yet at weaning time), triggering more aggressive and targeted bio-
management (internal biosecurity) practices that may shorten time-to-negative-pig (TTNP) and 
time-to-baseline-production (TTBP). 
 
Additional research in processing fluids applications for MOSS is undoubtedly needed 
and is ongoing.  There are still questions to explore and to answer in regard to how many 
consecutive processing fluids RT-qPCR negative test results are enough to declare that the 
vertical transmission of PRRSV from sows to piglets has ceased in a given farm.  There is the 
need to investigate the use of processing fluids for IgM and IgA antibody isotypes detection and 
its applicability for assessing in utero PRRSV infection of piglets in the presence of maternal 
antibodies.  Among other general questions raised by fellow researchers and practitioners of 
swine veterinary medicine, a common one would be if the virus encountered in processing fluid 
samples is viable and capable to cause PRRSV clinical infection in pigs, or if it is just RNA 
material recovered from the environment. 
 
Population-based sampling methods for PRRSV monitoring in swine populations (i.e., 
oral fluids, family oral fluids and processing fluids) are the next step in the evolution of PRRSV-
MOSS.  These methods allow for sampling a higher number of pigs and, in the case of 
processing fluids, it possesses a high potential for sample pooling, adding more practicality to the 
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method and lowering diagnostic costs, without loss of herd sensitivity.  Evolving PRRSV-MOSS 
will continue to help to early detect outbreaks as well as new virus introductions to endemic 
herds, it could help to minimize production and economical losses due to PRRSV by making 
swine industry more accurate in managing interventions according to the level of virus 
circulation (detection at near-zero prevalence) or by confirmation of its absence from swine 
herds.  
 
References 
 
Cannon RM, Roe RT. 1982. Livestock disease surveys: A field manual for veterinarians. Bureau 
of Rural Science, Department of Primary Industry. Australian Government Publishing Service, 
Canberra. 
 
 
Holtkamp, D., Polson, D., Torremorell, M., Morrison, R., Classen, D., Becton, L., Henry, S., 
Rodibaugh, M.T., Rowland, R.R., Snelson, H., Straw, B., Yeske, P., Zimmerman, J., 2011. 
Terminology for classifying swineherds by porcine reproductive and respiratory syndrome virus 
status.J. Swine Health Prod. 19, 44–56. 
 
 
Holtkamp D, Linhares D, Silva GS, Lopez W, Corzo C, Vilalta C. Monitoring and updating the 
value of productivity losses due to porcine reproductive and respiratory syndrome virus. 
Research Report. Swine Health. Pork Checkoff. 2019; NPB #15-212. 
 
 
Linhares, Daniel Correia Lima. (2013). Evaluation of immune management strategies to control 
and eliminate porcine reproductive and respiratory syndrome virus (PRRSv). Retrieved from the 
University of Minnesota Digital Conservancy, http://hdl.handle.net/11299/147026. 
 
 
Trevisan G, Linhares LCM, Crim B, Dubey P, Schwartz KJ, Burrough E, Main R, Sundberg P, 
Thurn M, Lages P, Corzo C, Torrison J, Henningson J, Herrman E, Hanzlicek G, Raghavan R, 
Marthaler D, Greseth J, Clement T, Christopher-Hennings J, Linhares DCL. 
Macroepidemiological aspects of porcine reproductive and respiratory syndrome virus detection 
by major United States veterinary diagnostic laboratories over time, age group, and specimen. 
2019b PLOS ONE 14(10): e0223544. https://doi.org/10.1371/journal.pone.0223544 
 
 
99 
 
Zimmerman J, Dee S, Holtkamp D, Murtaugh M, Stadejek T, Stevenson G, Torremorell M, 
Yang H, Zhang J.  Porcine Reproductive and Respiratory  Syndrome Viruses (Porcine 
Arteriviruses) (Viral Diseases).  In: Diseases of Swine 11th Edition.  11th ed.  ; 2019:685.   
